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Under the Supervision of
Associate Professor Gary L. Borman

ABSTRACT

Analysis of the vaporization of a spherical droplet
in a stagnant inert atmosphere including property variations
with temperature and pressure and surface regression is
applied by numerical computation to the case of ligquid carbon
dioxide vaporizing in gaseous nitrogen. Ambient temperatures
of 375-1600°K and pressures of 70-120 atmospheres were used
in the calculations. Non-ideal effects are shown to be impor-
tant. It is shown that for sufficiently high pressures no
steady~-state exists and that a droplet can reach and exceed.
its critical temperature by an intrinsically unsteady process.
Comparisons are made with low density film theories and film
theory with properties corrected for non-ideal effects. Some
calculations of the effects of sinusoidal pressure oscillations

on vaporization are also included.
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SUMMARY

A mathematical model of a spherical ligquid droplet
vaporizing in an inert gas with ambient températures and
pressurés such that the droplet may approach or exceed its
thermodynamic critical temperature was investigated by
numerically integrating the equations of change. Hydro-
dynamic and gravitational effects are not included in the
analysis, and the liquid phase is assumed to have a uniform
but time dependent temperatufe. The boundary layer is thus
spherical and the independent variables are radial distance
and time. Non-ideal effects associated with high pressure
mixtures, solubility of the gas into the liguid droplet,
variation of the thermophysiéal properties through the boun-
dary layer, and the effects of total pressure on vapor
pressure and enthalpy of vaporization are included in the
analysis.

Calculated vaporization histories of a carbon dioxide
droplet vaporizing in a nitrogen atmosphere are reported for
~ambient temperatures of 375~1600°K and ambient pressures of
70-120 atmospheres.

The theory indicates that at sufficiently high pressures
a droplet cannot attain steady state conditions. By steady
state it is implied that all the energy transferred to the
droplet surface is carried away entirely by the mass transfer

while the liquid remains at a constant temperature.
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The results indicate that all of the non-ideal effects,
hitherto neglected in vaporization analyses, are important
in the critical region. Furthermore, the unsteady heating
up of the droplet is most important under high pressure con-
ditions. Under supercritical pressure and high ambient
temperature conditions a droplet can reach and exceed its
thermodynamic criticai temperature, thus becoming a dense
mass of wvapor, by an intrinsically unsteady érocess.

Comparisons with a low pressure unsteady film theory
model are reported. The comparisons indicate that vaporiza-
tion times can be estimated with reasonable accuracy by this
low pressure model over a wide range of temperatures and
pressures, providea the effects of total pressure on vapor
pressure and enthalpy of vaporization are properly taken
into account under high density conditions.

The effects of superimposed gas phase sinusoidal pressure
oscillations of relatively small amplitude upon the droplet
vaporization process were calculated. The computations indi-
cate that the relaxation times in the gas phase are very short
‘and the overall effect of the pressure oscillations is negligibly

small.
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NOMENCLATURE

A, A, B, b parameters in Redlich-Kwong equation of state

"

A, B, ... variables defined by Equations [3.31] to

[3.37]

b,, b, = constants in Equation [3.66]

>
v
w
-

]

variables defined by Equations [4.9] to [4.16]

@]
=

Q

]

2 constangs defined by Equations [1.16]and
[1.17

O
"

3 = constant defined by Equation [1.18]

(9]
1"

parameter in Equation [A.9]

¢ = molar density, g-mole/cm3

c; = molar concentration of component i, g-mole/cm3
cp = molar specific heat, cal/g-mole®XK
c_. = molar specific heat of component i, cal/
pi g-mole®K
c_. = partial molal specific heat of i, cal/
p1 g~-mole®K
Ef = pseudo-reduced density defined by Equation [A.22]
Dpg = binagy diffusivity defined by Equation [1.9],
cm“/sec
F = function in Equation [2.17]
£, = fugacity of component i, atm.
f' = frequency, Hz.
g = parameter defined by Equation [A.21]
Hi = molar enthalpy of component i, cal/g-mole
Hi = partial molal enthalpy of component i, cal/

g-mole

viii
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i}

parameter in Redlich-Kwong equation of state

conversion factor, cal/atm cm3

vaporization rate constant, em?/sec

thermal conductivity, cal/cm sec °K

thermal conductivities in Brokaw's method
and defined by Equations [A.29] and [A.30],
cal/cm sec °K

mean molecular weight defined by Equation [A.27],
gm/g-mole

molecular weight of component i, gm/gm-mole
droplet mass in molar units, g-mole
parameter defined by Equation [u4.2u]

molar flux of component i with respgct to
stationary coordinates, g-mole/cm” sec

total pressure, atm
average pressure, atm
amplitude of sinusoidal pressure oscillation,atm

pseudocritical pressure defined by Equation
[A.26], atm

critical pressure of component i, atm
partial pressure of component i, atm
vapor pressure, atm

heat flux, cal/cm2 sec

amplitude of sinusoidal heat flux oscillation,
cal/cm2 sec

function defined by Equation [A.31]
gas constant, atm cm3/g-mole °K, or cal/g-mole °K
radial distance in spherical coordinates, cm

droplet radius, cm



r* =z pradial distance near edge of boundary layer, cm

7]
"

space increment in Equation [2.21]

temperature, °K

e 3

= asymptotic temperature, °K

=3
"

pseudocritical temperature defined by
Equation [A.25], °K

3
"

ci critical temperature of component i, °K

critical temperature characteristic of the

T ..
c1] i-j interaction, °K

function defined by Equation [3.39], °K

3
"

steady state droplet temperature, °K

time, sec

et
(1]

t
1"

vaporization time, sec

<3
1]

i0 velocity of component i with respect to
stationary coordinates, cm/sec

Vi z velocity of component i relative to the
y droplet surface, cm/sec
v = molar volume, cm3/g-mole
V& = pseudocritical volume defined by Equation
[A.23], em3/g-mole
Voi critical volume of component i, cm3/g—mole
cii © critical volume characteristic of the i-j
] interaction, cm3/g-mole
w = molar vaporization rate, g-mole/sec
x; = mole fraction of component i
;i = asymptotic mole fraction of component i
Xqs * function defined by Equation [3.u40]
Y = dependent variable in Equation [2.17]
y = radial distance from droplet surface, cm



xX1i

<
%
"

radial distance near edge of boundary layer, cm
Z = independent variable in Equation [4.23], cm

z = compressibility factor, Pv/RT

N}
"

pseudocritical compressibility factor defined
by Equation [A.2u]

(°) = indicates differentiation with respect to time

Greek Letter

a = thermal diffusivity
y = ratio of ideal gas specific heats

A = latent heat of vaporization, cal/g-mole

e, @ = constants in Redlich-Kwong equation of state
b

ws = acentric factor of component i
Superscripts

2 = liquid phase
v = vapor phase

0o = low pressure value

Subscripts

A

species A

B = species B

e
"

component i

j = component j

(i, 3) coordinate point in finite-difference grid

= = ambient conditions
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INTRODUCTION

In high pressure combustion chambers, such as those
encountered in Dlesel englines and liquid propellant rocket
motors, the influence of the droplet vaporization process
on engine performance is of primary importance.

While many investigations on single droplet vaporization
have been carried out in the past, relatively few have dealt
with high pressure condltlons where the droplets may approach
or exceed thelr thermodynamic critical temperature. Among
these investigations dealing with high pressure environmen-
tal conditions, Wieber32* applied a low pressure semli-empiri-
cal vaporlzation modello to 1nvestigate the vaporization‘
process in the region of the critical point. He concluded
that a fuel droplet vaporizing under high pressure conditions
can reach 1ts critical temperature before the vaporization
process 1s completed, and that small pressure disturbances
may lead to combustion instablllity 1in this region. Spalding27
analyzed the unsteady combustion of single dfoplets under
high pressure conditions by using a point source model and

the theory of unsteady heat conductlon. Rosner24 has modified

Spalding's point source model by taking into account the

’Superscript numbers deslgnate references which are listed
alphabetically by first author at the end.



finite dimensions of the droplet. The underlyling assumption

in References 24 and 27 1s that the droplet rapidly becomes

a dense vapor and subsequently burns like an initially well
defined "puff of gas®. Although a number of the assumptions ;
involved 1n Spalding's point source theory and Rosner's distri:
buted source theory depart from reality, a more recent experi-

11 on the burning of fuel drop-

mental investigation by Faeth
lets, indlcates that these models give reasonably accurate
predlictions except in the early part of the process. Recent
liquld temperature measurements by Domin10139 indicate that,
under high enough pressure conditions, there is a regime where
a liquild droplet heats up contlnuously from its injection
conditions approaching or exceeding its critical temperature.
Therefore, it 1s now clear that at high pressures a liquid
droplet may reach 1ts critical temperature bécoming a dense
vapor before the vaporization process 1s completed.

However, previous analytical investigations have‘not
taken into account the non-ideal effects associated with the
high pressure conditions prevailing in a combustion chamber,
nor the effects of pressure upon the thermophysical mixture
properties. Thus, many of the assumptions ordinarily made
in vaporization studlies have become questionable, giving rise
to a need for a more fundamental understanding of the vaporl-
zation process in the reglon where a droplet may reach its

critical temperature.



The present investigation attempts to illuminate the
understanding of the vaporization phenomenon under high
pressure conditions by means of a theoretical approach which
makes use of the equations of change, including the effects
of high pressure mixtures as well as the effects of temperature
and pressure upon the physical properties. Such a treatment
although complicated by uncertainties in the determination
of the thermodynamic and transport properties of binary
mixtures at high pressures (whose components may exhibit
anomalous behavior in the vieinity of thelr critical points
or the entire mixture may behave abnormally elsewhere) never-
theless should provide a means for understanding the experi-
mental data. Applications are made to a carbon dioxide drop-
let vaporizing in nitrogen under high pressure conditions.
This selectlon of components was made because both are non-
polar and of relatively simple molecular structure.

The text which follows is divided into four sections.
The first sectlon presents a rather simple mathematical formu-
lation for steady state droplet vaporization under low pres-
sure amblent conditions. Although a similar treatment may
be found elsewhere in the literaturezl, the low pressure
analysis 1s repeated here in order to establish the specifilc
areas which require reviéion in the analytical formulation
of the vaporizatlion process in the critical region. Steady

state droplet vaporization under high pressure conditions



1s consldered in the second section, including the non-ideali-
tles present in the system as well as the varilation of the
physical properties in the gaseous film surrounding the drop-
let. The unsteady vaporization process is consldered in
section three by means of an entirely unsteady one-dimensional
analysis. Finally, the effects of relatively small amplitude
sinusoidal pressure oscillations on the unsteady vaporization
process at high pressures are briefly discussed in section
four. Such perturbations are lmportant in the analysis of

rocket combustion instability models32.



I. STEADY STATE VAPORIZATION AT
LOW AMBIENT PRESSURES

This study is begun by conslidering a very simplified
one~-dimensional model of a droplet undergoling quasi-steady
vaporization in an inert low pressure environment. Such a
model 1s not realistic at the high levels of total pressure
encountered in the thermodynamic critical region, for it
ignores all the effects associated with high pressure mix-
tures.

Although numerous investlgations on droplet vaporization
at low pressure environmental conditlions have been carriled
out in the past and a similar treatment may be found

elsewhere3’lo’2l,

the purpose of the low pressure analysis
which follows 1s to establish the specific areas which require
revision in the analytical formulation of the vaporization
process in the critical region, as well as to indicate the
sallent assumptions and thus the inherent limitations of
the model.

Only steady state conditions are considered and there-
fore the heating-up period, which plays an important role in
the vaporizatlon process, wlll be ignored. Moreover, hydro-

dynamic and gravitational effects are not included in the
analysis. By steady state, 1t is implied that all the energy



arriving at the droplet surface 1s carried away entirely by
the mass transfer, while the liquid temperature remains at
a constant value determined by the amblent conditions until
the vaporization process 1s completed.

The model 1s first developed in general form for a
binary system and then application is made to the vaporization
of heptane and dodecadene droplets in alr.

In the analysls that follows subscripts A and B refer
respectively to the chemical specles of the 1liquld droplet

and inert gaseous environment.

Theoretical Model

A mass balance taken on a differential shell about a
spherically symmetrical model of a quiescent droplet under-
going quasl-steady vaporlzatlon leads to the followling

differential equation
L ?N) =0 , r [1.1]

where NA is the molar flux of component A with respect to

stationary coordinates, r 1s the radial distance measured
from the droplet center, and r, i1s the droplet radius.
Equation [1.1] indicates that for the case of unidirectlonal

diffusion, i.e., stagnant environment, the molar flow rate

of specles A, W = 42N

It 1s constant wlth respect to the



radial distance.
Similarly, an energy balance on a spherical shell surroun-

ding a droplet leads to the differential equation

%F(raNAHA) = &= (rekgg) , v [1.2]
where HA is the molar enthalpy of component A in the vapor
film and k is the thermal conductivity of the gaseous mixture.
This relation equates the energy transferred by the mass
motion of component A to that transferred by heét conductlon.
Viscous dissipation, emlssion and absorption of radlant
energy, and the Dufour energy flux, i1.e., energy flux due to
concentration gradients, are assumed to be physically
negligible. Furthermore, it is assumed that the total pres-
sure of the system is constant.

Ideal gas behavior has been assumed in the formulation
of the energy equation, for 1n ldeal gas mixtures there 1is
a complete indifference of each component to the presence
of others, and thus the molar enthalpy of component A depends

only upon temperature. Therefore, by the chain rule

My _yar _ oar [1.3]
dr dT dr ~ “pA dr ’
where cpA = cpA(T) is the melar specific heat at constant

pressure of component A in the ideal gas state.



Using the above expressions and assuming constant thermal

conduetivity”the.equation of energy becomes

2 W e
acr 2 pA\dT

= - = Q 1.4
are <r unr2k>ar [1.4]

Under steady state conditions, all the energy transferred
to the droplet surface by heat conduction is carried away

entirely by the mass transfer. Hence 1t follows that

Aw at r=r [1.5]

brrPkdT _
dr o

where A= A (T) is the latent heat of vaporization of pure
liquid A. Equation [1.5] establishes that the energy required
to evaporate the liquid is not affected by the presence of
component B.

Since the amblient temperature is specified

T = Te at r= o [1.6]

The equation of energy, [l.4], and 1ts boundary conditions,
[1.5] and [1.6],can be readily integrated for the case of
constant properties in terms of the still undetermined rate
of vaporization. After carrying out the required integration,
the followlng expression for the temperature profile in the
gaseous mixture surrounding the droplet 1s obtained

T=Te - E'L exp(%—%%“—) [1 - exp (—- %)][1.7]

pA o



The steady state liquid temperature is now obtained from
the above expression replacing the radial distance, r, by
the droplet radius, L Thus, the steady state droplet

temperature is:

z woe o, |
Ty = To - 6—1;; [exp (ﬁg—o») - 1] [1.8)

Since the temperature profile as well as the steady
state temperature expressions are given in terms of the molar
flow rate, it is necessary to determine it from the equation
of continulty in terms of thermophysical properties.

The molar flux of specles Avwith respeét to stationary
coordinates is glven by Fick's first law for ordinary diffu-
2

slon in the form

dx
N A

a = Xa{(Ny + Ng)  -eDyp gm=— [1.9]
where X, 1s the mole fractlon of component A, ¢ is the molar

density of the mixture, and DA is the binary diffusivity.

B

The above relationship is the defining equation for D The

AB.
transport of mass due to temperature gradients (the Soret
effect) is assumed to be physically negligible in Equation
[1.9], which states that the molar flux of A results from
ﬁhe bulk motion of the mixture and the diffusion superimposed
to the bulk flow.

Under the assumption of unldirectional diffusion, 1i.e.,
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NB = 0, Equation [1.9] simplifies to

¢ DAB dxA

Ny = - T=x, & [1.10]

For ideal gases the molar density of the mixture 1is
determined by the equation of state ¢ = P/RT. Furthermore,
by Dalton's law, the mole fraction of component A in the mix-
ture is equal to 1ts partial pressure divided by the total
pressure of the system, x, = p,/P. Therefore, introducing

these simplifications the equation of continuity, [1.1],

becomes
2
d i r PDAB dpA - o (1.11]
dr RT(P - pAS dr .
with the boundary conditions of
Py = Py at r=Tr, [1.12]
and
pA = 0 at ' = & [1.13]

where p = pV(T) is the vapor pressure of pure liquid 4 in
thermodynamic equilibrium with its vapor at a given temperature.
Equation [1.12] assumes that the vapor pressure of the pure
liquid 1s not affected by the presence of component B in the
gaseous mixture surrounding the droplet.

Assuming that the binary diffusivity 1s also constant,

the above equation of continulity and its boundary conditions

can be readily integrated to determine the rate of vaporization
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as well as the partial pressure profile of component A in
the film. Carrying out the necessary integration, the follow-
ing expressions for the steady state molar flow rate and par-

tial pressure profile, respectively, are obtalned:

frip [PD c ]
o) AB pA P
W= m - 2 P2 1n 5—— - k(To - T [1.14]
TsscpA A R P P, ss
and
Py “Weoa Ca
=1 - exp| Cy | exp _ﬁﬁﬁg- -1} -5 [1.15]
where
_ _kr2 "Cpa
©1= 45 .2 P FEr [1.16]
AB pA
wR A
Chr = (T - ——~> [1.17]
2 E“PDAB S8 cpA

Hence, for some given ambient conditions and droplet size,
Equations [1.8] and [1.14] simultaneously determine the
steady state droplet temperature and its corresponding rate
of vaporization. Under steady state conditions the molar
flow rate is directly proportional to the droplet radius,
whereas the liquld temperature depends only upon the properties
and amblent conditions.

It is of interest to estimate the vaporization time spent
by a droplet under steady state conditions after the governing

equations have been solved. Since the liquid temperature 1is
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constant, from Equation [1.8]

we
Eﬁﬁg" = constant = Cg [1.18]

o]

This may be verified since the properties are assumed to be
constant and the vaporlzation rate 1s proportional to the
droplet radius. Using a mass balance

dro

2.2
oA TE [2.19]

W= - 4rr

£
where cA

the above two relations and integrating the resulting differ-

is the molar density of the liquid. Thus, combining

ential equation, the vaporization time spent under steady state

condlitions 1is

y %{-V (2r )@ [1.20]

where the vaporization rate constant, Kv, is deflined by

8¢C, k
K, =22, = 3 [1.21]
V mre c
o°A Cpata

Equation [1.20) indicates that the vaporization time,
i
tv, is directly proportional to the square of the droplet

diameter.

Appllications

Some steady state calculations were performed using
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heptane and dodecadene droplets vaporizing in air under atmos-
pheric pfessure condltions for various values of air tempera-
ture in the range 440-830°K. Property correlations were
obtained from References 3 and 21. The specific heat at con-
stant pressure of the fuel vapor, and the blnary diffusivity
were evaluated at the arithmetlc average temperature in the
mixture. The thermal conductivity of the alir-vapor film was
evaluated at the arithmetic average temperature in the mix-
ture and for an air-vapor mixture equal to one-half the con-
centration at the droplet surface.

Figures 1.1 and 1.2 show typlcal temperature and partial
pressure proflles in the film surrounding an arbitrary 813-
micron-radius heptane droplet vaporizing in air at 444 and
555°K.

The steady state results were found to agree with the
calculated and/or experimental results of Reference 21 which
uses a low pressure semi-empirical vaporization modello.

In order to determine the effect of property variations
in the air-vapor film, variable properties were introduced
in the equations of change. The numerical solution of the
governing equations 1lndicated that the effect 1s negligibly
small at atmospheric pressure for the temperature range inves-

tigated.
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Summary of Results and Assumptions

Summarizing the above analysls, the followlng concluslons

are drawn:

i.

il.

111.

iv.

The rate of vaporization 1s directly proportional

to the droplet radius.

The steady state liquid temperature does not depend
upon the droplet slze.

The vaporization time spent under steady state con-
ditions is proportional to the square of the droplet‘
diameter.

For the ambient temperature range investigated, the
constant mean properties assumption is a valid one

under atmospheric pressure conditlions.

A list of the assumptions that were introduced in the

analysis is given below:

i.

ii.

i11.

Spherical symmetry. This means that gravitational
and hydrodynamic effects are not considered.

Steady state. The heat transfer to the droplet is
carried away by the mass transfer. Under these
conditions the droplet remains at constant temperature
untll complete vaporization takes place.

The inert gas surrounding the droplet 1s stationary,
l.e., unldirectional diffusion, with the liquid

surface movement effect on diffusion neglected.



iv.

vi.

vii.

viil.
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Low pressure environmental conditions. Therefore;
the vapor film surrounding the droplet obeys the
equation of state of ldeal gases.

The total pressure in the system is constant.

There exists thermodynamic equilibrium at the droplet
interface, and the pure liquld vapor pressure as well
as the energy required to evaporate it are not
affected by the presence of the inert environment.
Viscous dissipation, radiant energy exchange, and
coupled effects assoclated with transport processes,
such as the Dufour and Soret effects, are assumed to
be physically negligible, |

The specific heat of the diffusing vapor, c the

PA’

binary diffusivity, D and the thermal conductivity,

AB’
k, are constant.
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II. STEADY STATE VAPORIZATION AT
HIGH AMBIENT PRESSURES

The underlying assumptions in the prevlious vaporization
analysis are that ideal gas behavior is obeyed in the gaseous
mixture surrounding a vaporlizing droplet, constant thermo-
physical properties, and the indifference of the liquid
phase to the presence of the inert environment. Certainly
none of these assumptions are valld under high levels of total
pressure as those encountered in the critical region.

Therefore, the purpose of this section is to‘include
in a quasl-steady analysis the effects of non-ideal mixtures,
variation of the physical properties through the boundary
layer, the effect of total pressure on the vapor pressure
and the enthalpy of vaporization.

This analysls is further compllicated by uncertainties
in the determination of thermodynamic and transport properties
of binary mixtures under hlgh pressure.

As in the previous study, only steady state conditions
are considered to simplify the analysis and concentrate on
the non-l1deal effects. The basic relationships are first
derived for a binary system. These relationships are then
applled to a liquid carbon dioxide droplet undergolng steady
state vaporlization in a nitfogen atmosphere. This selection

of components was made becapse both are non-polar and of

18
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relatively simple molecular structure.

Thermodynamic equilibrium is assumed at the liquid-vapor
interface when calculating the thermophysical properties
there. The entire liquld droplet 1s assumed to be at a uni-
form temperature and absorption of nltrogen into the liquid
phase 1s assumed to be confined to a very thin layer at the
droplet surface. Since vaporlzation rates may be large enough
that thermodynamic equlllibrium at the droplet interface may
not be attained, thls topic is briefly discussed as well as
the difficulties encountered.

Only unidirectional ordinary diffusion 1s taken into
account and thus the regression of the droplet surface is
neglected. Viscous dissipation, radlant energy exchange, and
the transport of energy due to concentration gradients (the
Dufour effect) are assumed to be physically negligible.

In the analysis that follows, subscripts A and B refer
respectively to thetchemical species of the diffusing vapor

and lnert environment.

Theoretical Model

governing Equations

A mass balance on a spherically symmetrical shell
surrounding a droplet undergoing quasi-steady vaporization

leads to the differential equation

0 o, r>r [2.1]

2
a_(x°N,) .

r
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where NA is the molar flux of component A with respect to
stationary coordinates. Equation [2.1] assumes unidirectional.
diffusion. As it will become apparent, this assumption 1is
most valid for low density systems. The error introduced
under high pressure conditions may be estimated by calculating
the ratio of molar fluxes NB/NA at the droplet surface. The
actual molar flux of component B may be approximated by

N = ch(drO/dt). Furthermore, by continuity, the molar
flux of the diffusing vapor is N, = —c:(droldt). Hence, it
follows that

= (1 -x,) L , r=r [2.2]

A CA

%
™

For a given value of total pressure in the system, as
the droplet temperature increases the density ratio, c/c;,
increases but the concentration of component B, (1-xA), decreases.
In the range of environmental conditions studied here, the flux
ratio varies from 5 to 17 percent.

It should be noted that an accurate description of the
absorption of combonent B into liqulid A requires a knowledge
of diffusion in the liquid phase. In the absence of such data
only limiting cases are considered.

An energy balance on a spherically symmetric shell

surrounding a droplet leads to

2. = 2
d (r"N,H,) = d (r“kdr , r™°r [2.3]
ax A o) af( 'd’:F)
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where ﬁh, the partial molal enthalpy of component A in the
vapor film, and k, the thermal conductivity of the mixture,
are in general functions of temperature, pressure, and
composition. Of course for low values of total pressure in
the system the above equation of energy reduces toll.2].
Since the total pressure is essentlially constant, by

the chaln rule

dHA aHA dxA e

c
= e + “pA dT [2.4]
dr - 3%, dr Fr
and
dx
dk _ Ak A dk 4T
&r- 3. dr T 3T ar [2.5]

A
where the stoichliometric relation Xy + Xg = 1 must be
satisfied.

The molar flux of component A in the gas phase is
determined by Fick's first law for ordlinary diffusion. Although
there are many equivalent forms of Fick's first law for binary
systems, the form used in this work, [1.9],does not have
11mitationsle. Therefore, assuming that the molar flux of
component B 1s relatively small compared to the one of A,

N, =-__Pap % [2.6]
I":"EX—' dr

Introducing the above expressions the governing equations
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of change become

932 +(2 #1 3k dT .1 3k oA - i EPA)QZ
er r k aT dr k axAdr unrzk dr
w aHA dxA -
bgr-k A
and
2
a (. r cDAB dxA - C2.8]
dr 1 - X, dr /~ *
or integrating Equation [2.8]
2
Ynr~cD dx
- 2 - - AB A

Boundary Conditions

To determine the boundary conditions, it is required

that

Xy =0 at 1 = e [2.10]
Furthermore, the temperature of the environment is specified
as

T=Tw at P = o [2.11]

The boundary conditions at the droplet surface require
special consideration. Assuming small departures from equili-
bfium at the interface, the concentration of species A in the
gas phase, expressed as mole fraction, may be represented by
the‘vapor—liquid equilibrium relationship:

Xy T X, (T,P) at r=r [2.12]

A lo}
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Under steady state conditions, all the energy tranaferred
to the droplet surface by heat conduction 1s carried away
entirely by the mass transfer. Hence, 1t follows that:

YK g%-z w(ﬁX - ﬁz) at r=nr [2.13]

Before proceeding to the evaluation of both boundary
conditions [2.12] and [2.13], let us analyze some simplifying -
assumptions. One commonly used approximation for Equation
[2.12] 1is to express the mole fraction of component A in the
gas phase, at the Interface, as the vapor pressure of pure
liquid A at the equilibrium temperature divided by the total

pressure, l.e.,

x, = p,(T)/P at r=r [2.14]

This relationship, analogous to Equation [1.12], assumes that
B 1s insoluble in A, that the equilibrium vapor pressure of
pure liquid A is not affected by the presence of component

B, and that the gaseous mixture obeys the equation of state
for ideal gases. It will be shown that this approximation

is far from being correct at the pressure levels encountered
in the critical region. Another approximation commonly used,
and made in Equation [1.5], is to replace the term (ﬁX - ﬁ:)
in Equation [2.13] by the latent heat of vaporization of pure
component A, evaluated at the equilibrium temperature. This
i8 an over-simplification at high total pressures. The term

(ﬁi - ﬁi) is the amount of heat absorbed per mole when component
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A evaporates from the liquid solution into the gaseous mix-
ture, at T and P, whereas X 1s the heat required to evaporate
a pure substance from liquid into its vapor, at T and pv(T)'

The trends predicted by the use of these simplified
boundary conditlons, although perfectly valid at low pressures,
fail to be correct at high pressures.

Now, 1n order to determine the thermodynamic equilibrium
conditions at the droplet interface, beslides the temperature
and pressure being equal in both phases, the fugacity (or
chemical potential) of every component must be the same in
both phases, 1l.e.,

T = constant

P = constant

v N [2.15]
fA = fA
v o L
fB = fB

Equation of State

To solve the governing equations of change and their
‘boundary conditions a sultable equation of state has to be
used. Choosling among avallable equations, the simple Redlich-
Kwong equation of state was selected, for it has proved to

be reliable33 and is regarded as the best two-parameter equa-

tion now availables. It is8 of the form22
RT a
P = - [2.16]
v-b To’sv(v+b)

where a and b may be taken as functlions of composition and

depend upon the particular components involved.
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Boundary conditions [2.12] and [2.13] are computed basi-
cally from Equations [2.15] and [2.16]. The detailed working

forms of the equations are presented in Appendix A.

Thermophysical Propertlies

The numerical integration of the equations of change
requlires knowledge of the partial molal enthalpy of component
A, Hy,

as the coefficient of binary diffusion, DAB’

cDAB. Very few experimental data to be correlated are

the thermal conductlvity of the mixture, k, as well

or the product

avallable on these properties for high pressure gaseous mix-
tures. The correlations used in this work are presented

in Appendix A wlth some of their limitatlions.

Numerical Method of Solution

The numerical integratlon of the equations of change
throughout the vapor film was carried out by using a recursive
formula of the third category due to Heun8. It is of the

form:

%% = F(Y,r) 5 X(rg) = Y, (2.17]
1
Yne1 = ¥y + 8 ['4' F(Yp,ry) + 13T
F (Yn+2/3,rn+2/3)] [2.18]

2
Yni2/3= Yn * 33F (Y01 /30 Tnay3) [2.19]
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n+1/3 =Y + ~sF( rn) [2.20]
s=r - ;n=0,1,2,... [2.21]

The method 1s self-starting and there is no difficulty in
altering the increment size, s, durlng the integration. The
partial derivatives which appear in Equation [2.7) were deter-
mined by a centered difference technique.

Setting the total pressure, the integration process was
initiated at the droplet surface by fixing its temperature.
The vaporization rate, w, was iterated untll the mole fraction
of component A vanished at a large distance from the droplet.
The proper ambient temperature results. Since the environ-
mental conditions are approached asymptotically, the numerical
integration in the vapor flilm was carried out to a certain
radial distance, r*, where the temperature profile did not
change appreciably. At this point the equations of change
were modified by assumlng constant k, EﬁA’ and ¢D,,, and
neglecting the last term in Equation [2.7] which is very small
for r > r*., These simplifications lead to the followlng

asymptotic solutions where iA and T are used to lndicate that

i

they hold only for r > r¥,

;A(r) 1 - exp ( WC_WBP) [2.22]

and

2, we,
4ymr "k dT A
= 1) - a'f[exl’ r ‘1}
WCPA
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When the numerical and asymptotic solutions are matched at

r = r*, the lterated rate of vaporization, Wy, 1s equal to

the steady state vaporization rate, w, and the temperature

of the ambient gas results from Equation [2.23], satisfying
all boundary conditions.

In order to obtaln the solutlon of the eﬁuaticns of
change and thelr boundary conditions, the rate of vaporization
was -lterated three or four times. When the mismatch 1ndex,
(xA-;A) (r*), was a positive number, the rate of vaporization
was lncreased. The iterative process was facilitated since,
for values of Wy close to the steady state vaporization rate,
W, the mismatch index mentioned above varies linearly with
LI

Since temperature and composition gradients are very
large near the droplet surface, the radial increment size
in the numerical technique was varied from 0.025ro near the
surface to 0.1ro near the edge of the boundary layer. The
entire steady state solution takes approximately 15 seconds

using a UNIVAC 1108 digltal computer.

Applications to a CO,~N

> System

2

The components studled in the critical region were
carbon dioxlide (component A) vaporizing in a nitrogen
(component B) atmosphere. The critical temperature of pure

C0, 1s 304.2 °K and its critical pressure 72.9 atm.23 This



28

selectlon of components was made because both are nonpolar
and of relatively simple molecular structure.

First let us consider the boundary conditions. Figure
2.1 is a calculated fugaclity-composition diagram for the
002—N2 system under reduced condltions of T/TcA = 0.9 and

p/P = 1.3. The upper portion of the figure depicts the

cA
varlation of nitrogen fugacity with compositibn whereas the
lower portion represents the variation of carbon dioxide
fugacity. The broken lines determine the CO2 composition in
both 1liquid and gas phases for these 1sothermal and isobaric
conditions as specified by the set of equations[2.15]. Repeti-
tive application of the above technique ylelds Figure 2.2
which shows a compositlion-pressure diagram for reduced
equllibrium isotherms of 0.90 and 0.95. Reduced conditlions
are based on the critical pressure and temperature of pure
CO,- For a gilven isotherm, the lower side of the solid curve
shows the composition of carbon dioxide in the gas phase

which 1is in equilibrium with a corresponding liquid phase
composition represented by the upper side of the curve for
different values of total prgssure. On the lower pressure
side the mole fraction of cafhon dioxide in both phases is
equal to unlty when the total pressure of the system is equal
to the vapor pressure corresponding to that isotherm. Above

a certaln pressure the mole fraction of carbon dioxide in the

gas phase increases rather than decreases, with the result that

at still higher pressures 1liquid and gas compositions become
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equal at the critical mixing point. Accordingly, for a given
isotherm, there exists a definite upper limit on the total
pressure of the system above which steady state conditions
cannot be attalned. Therefore, states outside the envelope
enclosed by points C, D, E, ... are intrinsically unsteady.
Polnt C corresponds to the critical point of pure carbon
dioxide. It is observed that the range of total pressures

In order to achieve steady state temperatures becomes wider
as the droplet temperature (which depends also on the ambient
temperature) decreases in the region of the thermodynamic
critical polnt of carbon dloxide.

The broken lines represent the ideal vapor phase compos-
itions predicted by Equation [2.14]. It is apparent that this
relationship does not hold at high levels of total pressure.

The behavior illustrated in Figure 2.2, which applies
only at the droplet interface, may be understood qualitatively
for the partial molal volume of carbon dioxide reverses its
sign at high pressures. Unllke the molar wolume of a pure
substance, the partlal molal volume of a component may be
elther postive or negative. Since the partial molal volume
of a component represents the volume change which is exper-
ienced by the entire mixture when a very small amount of that
component 1s added at constant temperature and pressure, the
gaseous mixture tends to shift its properties from a gaseous

to a liquild state.
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Considering the approximations involved and that only
very few pure componént data arekrequired, the agreement with
experimental data of Reference 34 is found satisfactory. Near
the critical mixing point the equilibrium results are extreme-
ly sensitive to small errors in the quantitles lnvolved and
as a consequence, 1t was found that the critical polnts C,

D, E, ..., are somewhat scattered. Observing Figure 2.1, it
is noted that, as a critical mixing polnt 1s approached, the
fugaclty curves form an inflectlon point, and hence small
errors in the fugacity calculations cause relatively larger
errors in the composition results. In retrospect, it may have
been preferable to determlne, simultaneously wlth the equili-
brium calculations, the critical points envelope by some other
technique, such as the one outlined in Reference 6, 1ln order
to smooth the computed data.

Figure 2.3 shows the isothermal differeﬁce in the partial
molal enthalpies of carbon dioxide across the droplet inter-
face, (ﬁX - ﬁi), as compared to its latent heat of vaporization,
A, for the same equllibrium isotherms.

At points C, D, and E of Flgure 2.3, the difference in
the partial molal enthalpy of carbon dioxlide across the inter-
face becomes equal to zero since the temperature, pressure,
and composition are ldentlical in both phases. The broken
lines represent the latent heat of vaporization of carbon
dloxide evaluated at T/TcA = 0.90, 0.95 by means of the

generalized enthalpy deviation charts of Lydersen, Greenkorn,
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and Hougenlu. Thus, even at a subcritical témperature of

carbon dioxide, the difference in enthalpy across the inter-
face may vanish.

Figure 2.4 shows a typical pressure-volume dlagram for
the carbon dioxide-nitrogen system under thermodynamic equilil-
brium conditions. This diagram compares favorably well with
‘the experimental results of Reference 18.

| Flgure 2.5 1llustrates graphlically the departures from
the equation of state of ideal gases in the gas phase at the
droplet interface as a function of pressure for the isotherm

/T ., = 0.90.

cA

Thus far complete thermodynamic equilibrium at the inter-
face has been assumed. Consldering that the rates of vapori-
zation may be large enough that thermodynamic equilibrium
at the interface may not be attained, let us analyze the boun-
dary condlitions and their results by assuming that nitrogen
is insoluble 1in 1liquid carbon dioxide. In other words, let
us postulate that very few of the nitrogen molecules in the
gas phase that strike the interface have sufficient time to
penetrate and become dissolved in the liquid bhase.

For this situation, the computed values of carbon

dioxide mole fraction in the gas mixture are generally higher
than those obtained under thermodynamic equilibrium conditions.
Furthermore, for a given lsotherm, the mole fraction of CO

2
in the gas phase starts lncreasing at a certain value of total
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pressure lower than in the corresponding equllibrium case
(approximately 80 atmospheres for the 0.90 reduced isotherm).
One difficulty is encountered with this hypothesis: since
the critical points, .where the temperature, pressure, and
composition are the same in both phases, cannot exist as a .
consequence of the postulate, there 1s no clear transition
from two to one phase states. Although the difference in

v

. L
enthalpies, HA - HA,

at any isotherm different from the critical of carbon diloxide

across the interface does not vanish

due to the above difficulty, it does follow the same trends

as those predicted under thermodynamlc equilibrium conditions.
Approximate calculatlons show that the partial molal

enthalpy of 002 in the liquid solution 1s nearly the same

as the one for pure liquid CO at the same temperature and

2)
pressure. Thus, there 1s a negligibly small temperature
difference between the core of the droplet an& its lnterface.
Flgures 2.6 and 2.7 show typical temperature and composi-
tion profiles in the mixture surrounding an arbltrary 1000~ -
radius droplet. Both temperature and composition varlations
in the mixture are confined to a region of the order of several
droplet diameters. At a given value of total pressure, the
boundary layer increases with lncreasing ambient temperature
and, at a fixed droplet temperature decreases with increasing
total pressure,

Property variations in the film surrounding a droplet

are shown in Figure 2.8. For the conditions illustrated in
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this figure,‘the mixture compressibility factor changes from
a value of about 0.68 to unity in a small radial distance of
the order of one droplet radius from the surface.

Flgures 2.9 and 2.10 show that the hlgher the ambient
temperature, the higher the rate of vaporization and the
higher the steady state temperature, under fixed pressure
conditions. As carbon dlioxide approaches its critical point,
essentially no nitrogen surrounds the droplet and hence a
large temperature difference between the ambient and droplet
must exist so that heat may be conducted to the droplet surface.
These figures also show that, for the same amblient conditions,
there is a small difference between the computed steady state
temperatures and mass vaporization rates by using 1n the model
elther one of the two assumptlions at the interface previously
discussed, 1l.e., thermodynamic equilibrium and no nitrogen
solublllity in liquid carbon dioxide. However, it should be
pointed out that for values of total pressure higher than
the critical pressure of CO,, the difference between the com-
puted steady state results is greater; e.g., at ambient condi-
tions of approximately 84 atm. and 1290°K the rates of vapori-
zation differ by about 24 pe;rcent and the steady state
temperatures by seven perceﬂt. Since the equilibrium postulate
is thermodynamically consistent, the results reported hereafter
use this assumptlion.

Cross plots of steady sﬁate temperatures and vaporization

rates are shown in Figures 2.11 and 2.12. These curves are
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terminated on the right at thé critical mixing line since
points at higher pressures do not éorrespond to steady state
-solutions and can only be reached by an unsteady process.

For a given liqulid temperature the vaporization rate and
nitrogen temperaturé decrease rapidly with increased pressure.
The vaporization rate tends to level off and increases slightly
as the critical mixing line is approached. For a given nitro-
gen temperature the steady state temperature and vaporization
rate increase as the pressure of the system is increased. The
higher the pressure, the higher the rate of lncrease of the
steady state temperature with amblent temperature. Schemati-
cally, Flgure 2.13 indicates that for all those environmental
conditions to the left of the line defined by points C, D, E,
..., whose abslssae are determined by the critical mixing
pressures (point C 1s fixed by the critical pressure of 002),
the liguid droplet heats up from its injection temperature to
its steady state temperature remaining at this condition until
the vaporization process is completed. Of course the droplet
may not attain its steady state temperature if the injection
conditions are such that the vaporization process is terminated
before steady state conditions are reached. On the other
hand, for all the amblent conditions to the right of the
mentioneéd 1line, the droplet'continuously heats up from its
injection conditions until the vaporization process is com-

pleted.
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Near the critical mixing line, where the change of
enthalpy at the droplet interface 1s small, slight inaccuracles
in the determination of the critical mixing pressure cause
larger 1inaccuracles in the enthalpy of vaporization and
consequently, the steady state results may be affected. To
analyze the overall sensitivity of the model to this type of
inaccuracy, a change of approximately five percent was made
in the critical mixing pressure of the 0.96 carbon dioxide
critical isotherm. This caused a difference in the enthalpy
of vaporization of the order of 30 percent at 102 atmospheres.
However, under nitrogen conditions of 850°K and 102 atmospheres
the calculated steady state results are virtually the same.

Vaporization times may be readlly estimated from the
foregoing results. Usling the eéﬁation Qf coritinuity for the
diffusing vapor leaving the droplet, w = - 4ﬂr§cZ(dro/dt),
and noting that the rate of vaporization is proportional to
the droplet radius, from the numerical results, the following
expresslion for the vaporization time spent under steady state
conditlions 1s obtalned:

£, = 71(-; (2r_)® [2.24]
where the vaporizatlon rate constant, K., is given by

K = — 2W_ [2.25]
v T CY.
"OA

The above two expressions are completely analogous to

Equations [1.20}and [1.21]. For some given environmental
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conditions, the vaporization rate constant Kv may be obtalned

from Figure 2.12 and the pure CO2 molar density from Reference

14.

Comparisons with a Low Pressure Model

It is of interest to compare the foregoing computed CO,-N

2 72

results with those predicted by Equations [1.8] and [1.14)
under the same ambient conditions. For convenlence, the
presented above steady state formulation under high pressure
conditions 1s referred here as the high pressure QS model,
whereas the simplified formulation which ylelded Equations
[1.8]) and [1.14] is referred as the low pressure model. 1In
the comparisons which follow, average low pressure values for
the physical propertlies in the vapor film were used in
Equations [1.8] and [1.14].

- Flgure 2.14 shows the steady state conditlions predicted
by both models as a function of total pressure and a nitrogen
temperature of 600°K. Other steady state results under a system
pressure of 72.9 atmospheres (critical pressure of carbon
dioxide) are presented in Figure 2.15.

The followling conclnsions may be drawn from the calcula-
tions:
1. The low pressure model may predict more than
one or no analytical solution at high pres-
sure levels as is illustrated in Figure 2.14.

Although the broken line solutions may
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arbitrarily be considered unrealistic, the results
are beclouded by the fact that the solution is
not unique.

ii. At low ambient temperatures and high system
pressures, the rates of vaporization predicted
by the low pressure model are lower than those
given by the high pressure QS model, e.g., at
475°K and 115 atmospheres the low pressure
model vaporization rate is about 35 percent
lower than the high pressure QS modél vapori-
zation rate.

iii. At high ambient temperatures and a system pres-
sure equal to the critical pressure of €O,
the rates of vaporization given by the low
pressure model are higher than those predicted
by the high pressure QS model, e.g., at 1600°K
and 72.9 atmospheres the low pressure model
rate of vaporization is about 22 percent higher
than the high pressure QS model mass vaporization
rate.

The steady state temperatures predicted by the low
pressure model are in general higher than those obtained
with the high pressure QS model, under the same environmen-
tal conditions. As a consequence, the low pressure model

adjusts itself to the increase in the total pressure of the
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system by decreasing the latent heat of vaporization and
increasing the vapor pressure at the interface, along the
pure CO2 saturation curve, thus reducing in part the large
property discrepancies between these models; e.g., at 600°K
and 72.9 atmospheres, the increase in the steady state
temperature reduces the difference in the heats of vapori-
zation of these models from about 56 percent to 50 percent
and the CO, mole fractions at the interface from approxi-
mately 32 percent to 23 percent.

Although the results given by the models are not com-
pletely different under the same ambient conditions, it
nevertheless may be considered fortuitous that the low
pressure model estimates the steady state conditions with-
out larger discrepancies, for the low pressure model is

unrealistic in itself at high levels of total pressure.

Concluding Remarks

Summarizing the present analysis, the following remarks
are made:

i. It is evident from the foregoing study that for a
given value of ambient temperature there is an upper limit
in the total pressure of the system above which steady state
conditions cannot be obtained in the vaporization process.

This implies that for pressures above this limit the droplet
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continuously heats up from its injection conditions until
complete disappearance. This remark seems to be supported

2 which indicate that at

by liquld temperature measurements
high pressures the temperature rises continuously throughout
the droplet lifetime. Therefore, supercritical temperatures
may only be reached at supercritical pressures by an unsteady
process.

11. Non-ideal effects cannot be ignored. The effect
of the lnert gas pressure on the vapor pressure 1s apprecla-
ble at high levels of total pressure and the heat of vapori-
zatlon 1s drastically modified.

111. By assuming constant mean physical properties in
the equations of change, [2.7] and[2.9], the steady state
temperature is predicted without significant difference
but the vaporization rate 1ls approximately 35 percent higher
than the corresponding variable properties case, under ambient
conditions of 72.9 atmospheres and 1600°K.

iv. The assumption of unidirectional diffusion 1n the
steady state regime becomes gradually less valid as the
amblent temperéture is decreased and the pressure in the
system 18 increased.

v. In agreement with previous studies the time of
vaporization spent under steady state conditions is propor-
tional to the square of the droplet diameter.

vi. Because experimental data are not available for

comparison purposes, the accuracy of the model is difficult
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to assess. The uncertainties in the properties of high
pressure mixtures certainly may affect the absolute values
reported.

vii. Comparing the results obtained with those given by
a simplified low pressure model, Equations [1.8] and [1.14],
it 1s observed that the simplified model does have more than
one or no analytical solutions at high pressﬁre levels.
Furthermore,'under some given amblent conditions of tempera-
ture and pressure, the simplified model predicts steady state
conditions which physically cannot be obtained as may be
understood from Figure 2.2. This clearly indicates that the
low pressure model is not properly posed for high pressure

environmental conditlions.
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Figure 2.5. Compressibility factor-pressure diagram
for the carbon dioxide-nitrogen system.
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nitrogen temperature; a) assuming thermodynamic equi-
librium at the interface and b) assuming that N2 is
insoluble in CO2 liquid.
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Figure 2.13. Schematic diagram illustrating ambient
conditions where steady state solutions exist.
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ITII. UNSTEADY DROPLET VAPORIZATION
AT HIGH AMBIENT PRESSURES

Thus far, only steady state condltions have been consi -
dered, ignoring the unsteady heating-up period of the drop-
let. It is the purpose of thls section to analyze the
entire vaporization process including the heating-up of the
droplet from its initial conditions, the regresslon of the
droplet surface caused by evaporation, and the inherent
translent effects in the gaseous phase.

The baslc relationships are first derived in general
form for a spherically symmetric model of a droplet under-
going vaporlzation in an inert atmosphere. These relation-
ships are then applied to a carbon dioxide droplet vaporizing
in nitrogen. Thermodynamic equilibrium at the droplet
interface (when it exists) will be assumed. The entire liquid
droplet 1s assumed to have a uniform temperature and the
amount of nitrogen dissolved into liquid carbon dioxide 1is
confined to a very thin layef at the droplet surface. Viscous
~dissipation, radlant energy exchange,kand coupling effects
between transport processes, such as the transport of energy
due to concentration gradients and the transport of mass due
to temperature gradients, are assumed to be physically

negligible. All the non-ldeal effects assoclated with dense

56
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mixtures, as well as the variation of the thermophysical

propertiés through the boundary layer are taken into account.
In the analysis that follows subécript A refers to the

chemical species of the droplet, and B to the inert environ-

ment.

Theoretical Model

Governing Equations

The fully unsteady one-dimensional treatment of the
vaporization process in the gaseous phase can be described
by the equation of continuity of species A, the equation of
energy, and an appropriate equation of state.

A mass balance of species A in a spherically symmetric

shell surrounding a droplet leads to the differentlal equation

%y 1 3 ,.2
s+ i (rc,V,g) = 0 , 7 (%) [3.1]
where cy 18 the molar concentration of component A in the

gaseous mixture, V,. is the veloclty of A relative to statlo-

nary coordinates, and r_ = r (t) is the droplet radius.

o}
Similarly, a mass balance for the entire mixture leads

to the differential equation

’?,‘%* -z-:-é-é—af; (recVMO) = 0 , I‘>I’o(t) (3.2]

where ¢ 18 the molar density of the mixture, and VMO is the

molar average velocity of the mixture defined by
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VAO + XBVBO [3.3]

Yo = *a
Neglecting viscous dissipation, radiant energy exchange,
the Dufour energy flux, and assuming constant pressure in

the syétem, an energy balance leads to the differential

equation
9 —_ 1 3 2 -—
3F (cAﬁA + cpHp) + ;7 % (r cpVpoly *+ 1 CBVBOHB)
.1 9 2. T
= =5 37 (r°k _3-1—'.‘-) N r>r'°(t) [3.u4]

where cy is the molar concentration of component i, Ei is

the partial molal enthalpy of component i, V., is the velocity

io
of i with respect to stationary coordinates, k is the ther-
mal conductivity of the mixture, and T = T(r,t) is the
temperature distribution in the gas phase.

The molar density c¢ is determined by an equation of

state, namely

c = c(T,P,xA) [3.5]

The above equations of change can be written more conveniently
in terms of molar fluxes and composition gradients by intro-
ducing Fick's first law for ordinary diffusion, as Fourier's
law for heat conduction was introduced in Equation [ 3.4].
Thus, the molar fluxes of species A and B may be expressed

in the form

Na = aVa0 = “*altio - “Pag 31 (3.6]
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and
dX

Ng = cgVpg = ¢XpVyq + ¢Dpg . g [3.7]

The above two expressions are entirely analogous to Equation
[1.9] since cV‘MO = NA + NB.
Therefore, substituting [3.6] and [3.7] into the equations

of change, they may be arranged in the following form:

9x dx
A A _ 1 3 2 X
¢ sg= + Vyy 57 = =2 5F (r cDABé_r_._l_\_) [3.8]
%%- + lﬁ-g%-(recvno) =0 [3.9]
r
°H 3 H dH 3ER
A Hp A s
CX, s * °Xg TE + NA =5 t NB'37F
1 3
r
and
¢ = c(T,P,x,) [3.11]

The partial molal enthalpy of each component, ﬁA and

ﬁb, the thermal conductivity of the mixture, k, and the

binary diffusivity, DAB’

ture, pressure, and composition. For convenience, the product

are in general functions of tempera-

cDAB

regarded as a function of temperature and a weak function

will be considered as a single variable, for 1t may be

of pressure. The correlations to determine these thermodynamic

and transport properties are presented 1n Appendix A. The
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molar denslty of the mixture, c¢, will be determined by the
Redlich-Kwong equation of state, Equation [2.16].
Since the total pressure of the system is essentially

constant, by the chaln rule

aﬁA a‘ﬁA 3T aﬁA 3%,
5t ~ 5T ot © 5%, 3t [3.12]
3H 3H 3H, ox
____[_X___ ..__A.é_?.+ ...__é..__._é. [3’13}
ar 3T »dr axA a3 r
3H EH dH, 3x
HB=....}_I_'§.3_?.+._}.I§_§. [3.14]
ot 23T at axA at
g——aﬁB = B;B 2+ g—-—aﬁB i [3.15]
r OoToar X, or ’
X
dk _ 3k 3T , 3k A
ST~ ST 57 T 3%, 8T [3.16]
3(eDyp) ] 3 (cD,g) 3T [3.17]
r 3T ar )
> se 30 e Xa
C = 9C °e __A
3 ST -5-{;- -+ BXA 3 [3.18]
and
ac _ 3¢ AT ac %
37~ 3T 3r + a"_fc'A T [3.19]

where the stolchiometric relation xA + x]3 = 1 must be satisfiéd.
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Equations [3.6] to [3.19] determine the -evolution with
time of the one-dimensional profiles x, = xA(r,t), T=T
(r,t), and V., = VMO(r,t) in the gas phase.

In order to lntegrate numerically the governing equations,
a finite differences grid will be imposed on the gaseous mix-
ture. Since the droplet radius is time dependent, the follow-

ing transformation 1s lntroduced here for later convenience:

Yy=1r - ro(t) [3.20]

Thus, by the chain rule

dx, (r,t) 3x,(y,t) . ax, (y,t)

A - -, 5 3a)
x, (r,t) 3x,(y,t)

IR R St
= = 55 [3.22]
azxA(r,t) B2XA(Y,t) [3.23]
= 3.

= P ’
%%(r’t) _ %%(y,t) . ;o(t) %(y,t) [3.24]
3T(r,t) _ 2T(y,t)

QT 2 [3.25]
2 2

3°T(r,t) _ 3°T(y,t) 26

and

Vo (F58) = Vo (3,£) + 7, (%) [3.27]
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where me 1s the veloclity of the mlixture relative to the
droplet surface.

The equation of continulity for the mixture may be inte-
grated to obtain the velocity distribution. Thus, in the

independent variables y and t,

2
. (¢) o
My (Y5 t) = z—~—"—§'[ y(0st) + ro].7;JZﬁa
y
: 1 2 (ac X
-r |1 - (y+r
o[ s (e (e
, ,
2 dx
4+ ¢ 2T dy] - 1 S(y+ro) ac A
ﬁﬁ) (y+r )EC (aXA St
+ 3% 3 ) av [3.28]

Under steady state conditions and unidlrectional diffusion
the above expression reiterates that the rate of vaporization
is constant with the radial distance.

Similarly, the equations of continuity for species A

and energy become, in the lndependent varlables y and ¢t,

2
dX 3 X, 2A 9X
A_A + .@.ﬂ + A [3.29]
Tt :;;E T_?F‘T My
gg,.gaau p°*a gar, 2 __ Joar
d ayﬁ DY Y T, My | 3y
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and
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d%x dX 2AF 7 9x
AF A G °%a F AT i A
“—“g—'z*“[—r““%?‘(wr)]ay [3.30]
Yy o]
(eD,g)
A= ——-——ﬁ—B—- [3.31]
3(eD, )
B=1 AB
=2 [3.32]
c=_k =a [3.33]
(6] Cp
= 1 k D [ c M 4
D=_1 [2k + oDy, %8 | [3.34]
p A
E= 1 9k
*T e T [3.35]
P=L [x 2 - (axy) 2]
°p *a 3%y [3.36]
g = (cDap) (3H, _ 3y [3.37]
c cp axA axA
cp = xAEbA + xBEbB [3.38]

The governing equations of change must be supplied with

an appropriate set of initial and boundary conditions.

Initial Conditlions

Numerical difficulties are certalnly encountered if one
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attempts to consider the injectlion of a liquid droplet into
pure component B, for no boundary layer exists at t = 0. A
common approach to treat this singularity is to start the
numefrical solution with assumed»profiles for small values of
time. While this approach may be valid for certain problems,
the assumed profiles may lead to unrealistic solutions due to
the extremely nonlinear behavior of the differential equations.
Therefore, the initial conditions to be consldered here are
those of a droplet of radius r, (0) vaporizing under quasi-
steady conditions and maintained at its initial temperature,
T*(0), for t < 0. Although these conditions are difficult
to be satlisfled exactly in practice, it 1s consldered that
these initlial conditions are better than the assumption of
uncoupled profiles In the gas phase.

Thus,

T(y,0) = qu(y) sy Y20 [3.39]
and

x,(3,0) = x.,(y) , ¥y20 [3.40]

where qu(y) and xqs(y) are respectively the temperature and
composition profiles in the vapor film surrounding a droplet of
radius r (0) and temperature T”(o) undergoing quasi-steady
vaporization. The governing equations which yield these initial
conditions are the same as those presented in the previous

steady state section,modifying boundary condition [2.13] in
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order to take into account the excess energy arriving at the
droplet surface which is not carrled away by the mass trans-
fer, since the droplet 1s not vaporizing under steady state

condlitions.

Boundary Conditions

The boundary conditions for Equations [3.28], [3.29],
and [3.30] are now described.

Since the amblent conditions are speclfied,

e, t) = Tw , t>0 [3.41]
and
xA(w,t) =0 , £t >0 [3.42]
At the droplet surface,

7(0,t) = T*(t) , t >

A
(@]

[3.43]

and

xA(O,t) xA(T,P) , £ >0 [3.44]

Assuming small departures from equilibrium, Equation
[3.44] 1s determined by the vapor-liquid equilibrium relation-
ship x, = xA(T,P). However, as it was pointed out 1in the
previous section, the critical mixing points envelope delineates
the region where two phases'in a binary system can coexist
in thermodynamic equllibrium. Therefore, for those states
outside the critical mixing line, where a gaseous phase

surrounds the postulated core of the liquid droplet, boundary
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condition [ 3.44] may be determined via an overall conser-

vation equation, such as

md(O) - md(t) S uurzchdr - Sunrz(ch) dr

t=0
Po(t) ro(O)
t
=Swdt [ 3.45]
0

where md(t) is the mass of the droplet, and w is the rate
of vaporization. The above relationship indicates that the
total amount of component A in the system is constant. The
practicality of Equation [ 3.45] will be discussed later.

The velocity Yly(o,t), which appears in Equation [ 3.28],

"can be determined using the following relationship:
¥[y(y,t) = xAVAy(y,t) + xBVBy(y,t) [3.48]

Since it is assumed that the velocity of component B rela-
tive to the droplet surface is nearly equal to zero at

y = 0, it follows that
(cDAB) axA

I- x, 3y y=0 [3.u47]

- 1
Ydy(o’t) = -3z

In order to determine the liquid temperature, and the
position of the droplet surface, additional equations are

required. These are supplied by the following equations of
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energy and continuity in the liquid phase:

2 3T _ 2 dr*
O

bretk S| o = dpAa—+w(H '}TA") [3.48]

: ¢D dr
2 AB
[3.49]

dr dcl
2 2 o) 4 3 A

Therefore, the set of equations [3.28], [3.29], [3.30],

[3.39], [3.40], [3.41], [3.%42], [3.43], [3.44], [3.47], [3.48],
[3.49], and [3.50] describe the entire vaporization process.

Numerlical Method of Solution

The numerical solution of the governing equatlions in
the fllm clearly poses a problem. While an implicit tech-
nique may have numerical stablility advantages, the nature of
the equations seems to preclude any solution, for if it would
be feaslble, it would lnvolve the simultaneous solutlon of an
‘enormous amount of nonlinear algebralc equations. Therefore,
an expliclt scheme was contrived to solve the governing equa-
tions in the gaseous film. Since the technique itself may
be of interest, it 1s described in detail below.

A grid was imposed on the gaseous mixture surrounding
the droplet as shown in Figure 3.1. Forward differences
were used to determine the time derivatives, and centered

differences to determine the space derivatives. Thus, for
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any variable u(y,t)

. u -u
u - 1,&1;1_ 1,J [3.51]
£ d u -u
au . 141, i-1,
L gAy J (3.52]
2u S -2u + u
= 141,35 197 11,9 [3.53]
24 (b3)°

The integrals which appear in Equation [3.28] were

determined by the trapezoidal rule as in
y

Su dy ;-sl[uo,3+ui’3+ 2(u1,J+u2,J+
0

+

v )] [3.54]

Therefore, substltuting the above finite-difference
relationships into Equations [3.28], [3.29], and [3.30]:

x -2X + X T - T
X i+1,J i,J i-1,J + 1B i+1,J i-1,J
=,J =1i,J

A
-i,J (Ay)2 2Ny

2
roJ ?QLJ v .

2 A
0,5 * Toj)

M X -1,J -
Ay + Toj (1py + roj)aci,J

2
. r
+r (1 -H ,)+ oJ (c
oJ -i,J (1ry + rOJ)eci,j A%. x0, J

b4 - X T -7
0,41 ~ %0, 0,J+1 ~.70,4
Rt + Cmo, J At
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2
(18y + roJ) 1,5 n=1

= C
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.o Tn,ge1 " T g\Tie1,g ~ Ta-1,4
Tn, J A% 2AY

X -2X + X
- éi,Jgi’J 1+1,J é,i_‘ i-1,J
(ay)

X - X T - T
1+1 1-1 B 1+1, 1-1,
+<91,J s © R PR AP~ N Bl E Y

x - x \ - —
) 2 ) Ai’JE&,J> ( 141,75 1-1,1> ;1 =1,2,...

27y
(iAy + roJ [3'56]
where
X - X
5,5 = 1:1f§t 1,J
5 I T T O . 1,941 ~ %19
2Ny ’201 j x1,J AT
T -
i,J+1 i,
+ oqy g 2d X 1) [3.57]
T - T
i,J+1 i,
L= JAt 4
T4, "M, By (c X1 " %1y
T -
1,3+1 " T
+ opy g J T Li) [3.58]
= (3.591
a¢C

Cx = -a-i-; [3.60]
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Cp = g-,% [3.61]
and . 5 3x
- od A [ ( A)
H = ¢ — + c
...1,,1 (1Ay + roJ)zci J —% XO,J oy O,J TO,J
, _
_@__1_-_\) ] 1 41,5 T %11,
(55) 0,4]* 1y 'él(cxi,J 28
i-1
oy T“l’% - Ti-1,1> N Ay ,
»d by (LAY + roJ) ci,J n=1
X - X
2 n+l, J n-1,J
(nay + roJ) (cxn,J 2Ay
T - T
n+l, J n-1,J . -
+ Cpn g TN > ;1 =1,2,... [3.62]

Since at any gilven time J the temperature and composition
profiles in the gaseous fllm are known, the temperature and
composition changes at location i (i # O) from Ty 4 toT

_ ’d i, j+1

and from x, 3 to x respectively, may be readily found
I

i, J3+1°
by solving simultan;ously Equations [3.57] and [3.58].

The stablility criterion for the above difference equations
is discussed later.

Because temperature and composition gradients at the
droplet surface are very large, the results are markedly

affected by using different finite-difference relationships

to evaluate these derivatives there, with the same space
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increment size. Among various formulas, gradients at the

droplet surface were best approxlmated by a six-point

Lagrange polynom1a117, as in

5

U _ 1 '

55 | y=0 = 5775 Z Lin'm, 3 [3.63]
m=0

where Ly = -274, L, = 600, L, = -600, L, = 400, L, = -150,

2 = 3

and L5 = 24, :

The partial derivatives of the thermodynamic and trans-
port properties which appear in the equations of change were
determined by using forward differences.

Since the amblent conditlons are approached asymptotically,
the numerical integration was carried out to a certain radial
distance where the proflles did not change apprecliably. At
this point, of the order of ten initial droplet radii, the

following quasli-steady asymptotic equations were used:

2= -

aT 2 4aT
+ =0 y>y* .64
dy2 yir, dy » V2 [3.64]
and
a%x a%
——Q—XA 2§ = 0 » [3.65]
+ = By .

dy T, y ’

where % and x, are used to indicate that they hold only for

A
y > y*. The assumptlons lnvolved in these simplified quasi-

steady equations may be deduced from [3.29] and [3.30]. Since
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most of the non-ideal and varlable properties effects occur
in the viecinity of the droplet surface, and the velocity of
the mixture is inversely proportional to the square of the
radial distance, the approximation in matchling the temperature
and composlition profiles is numerically justifiable. One
commonly used approximation to determine numerically the
boundary conditions near the edge of the boundary layers is
to fix in tiﬁe the profiles there. However, this approach
was discarded, for 1t affects the shape of the profiles due
to the continuous variation of the boundary layer thicknesses.
In order to test the entire numerical technique, the
temperature response of a carbon dioxide, 1000-micron-radius,
porous sphere vaporizing in nitrogen at 8150K and 72.9
atmospheres was calculated using different mesh sizes. Since
the steady state temperatures presented in the previous sec-
tion were obtained with a more accurate numerical technique
which evaluates the functlions at intermediate posltions with-
in a space increment, a comparison can be made to assess the
accuracy of the results. The: steady state temperature pre-
dicted with a space increment of 0.4r was found to be 280°K,
whereas for a O.2rO increment the steady state temperature was
found to be 277°K. Previous steady state calculations with
a space 1increment of 0.025ro near the droplet surface show a
steady state temperature of 275°K. Thus, the larger the mesh

size the larger the error introduced in the calculations, and



74

as a consequence of this error, the computations tend to
predict consistently higher energy rates into the droplet.
The dlscrepancy in the results is primarily caused by the
inablillity of the finite-differénce equations with relatively
large mesh silzes to portray accurately the large temperature
and composition gradients at the droplet surface. Unfortun-
atély, the numerical technlque does not allow one to alter the
space increment size during the integration, and the comput-
ing time using uniform small mesh sizes 1s prohiblitively long
due to the enormous amount of calculations. The technique 1is
numerically stable if Fourler's modulus, based on the differ-
ence values of time and space at the amblent conditions, 1is
equal to or less than 0.5. Although no formal mathematical
proof is given, violation of the above rule leads to insta-
bility. A simple physical argument on stability criteria 1s
given in Reference 1.

Under those condltions where there is no thermocdynamic
equilibrium between phases in a binary system, the mole frac-
tion at the droplet surface may be computed via an overall
conservation equation in the system as[ 3.45]. However, since
the mathematical process to compute the mole fraction is an
iterative one, the technique is time consuming. Thus, the
followlng scheme was used. In order to determine the mole
fraction at the droplet surface at time J+1, a relationship

is sought at time J betweeh a change in the mole fraction at
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the surface, 6x, and the corresponding change that would be
obtalned in the mass of the droplet, &m. From Figure 3.2,
it 18 observed that the changée -bm is directly proportional
to 6x at a given time j. Hence, when tm = -wit, 6x =

b4 - X . In equation fo
(%9, 341 ~ %o, 5) q noLorm

-bm = WAt = bl(xo,J+1 - xO,J) + by [3.66]

where b1 and b2 are determined at time j. Since Equation [3.66]
1s an approximation, for only the mole fraction at the droplet
surface 1s changed, the accuracy of the technique was always

monitored through Equation [3.45].

Applications to a 002—N2 System

Vaporlization historles were calculated for carbon dioxide
(component A) droplets vaporizing in nitrogen (component B)
under critical and supercritical pressure conditions. The
critical temperature of pure 002 is 304.2°K and its criticai
pressure 72.9 atmospheres.

Figure 3.3 illustrates the vaporization history for a
carbon dioxide droplet, of 1000-micron initial radius, 0.8T_,
initial temperature, vaporizing in nitrogen under constant am-

bient conditions of 1400°K and 72.9 atmospheres (P This

cA)'
history is carried out in time until 80 percent of the droplet
mass has been vaporized. It 1s observed that the droplet tem-
perature rises rapldly from its initial temperature to approach

ésymptotically its corresponding steady state temperature
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which is slightly higher than the corresponding temperature
computed without inclusion of the droplet surface regression.
It 1s also observed that most of the droplet's lifetime 1is
spent in the heating-up period. The droplet radius initially
increases for a short time after the initial conditions due

to the thermal expansion of the liquid, since most of the
energy arriving at the droplet surface 1s utilized to heat-up
the droplet. The initial slope of the percent-mass-vaporized
curve is initially small, forming an inflection point there-
after. The small Initial slope reflects the fact that the
mass vaporization rates are relatively small in the early
part of the vaporization process. However, the initial value
for the mass vaporization rate, at t = 0, not only depends
upon the 1initial droplet temperature, which partially fixes
the potential for mass transfer, but also debends upon the
amblent temperature, for the same pressure conditions, i.e.,
the higher the amblent temperature, the higher the lnitlal
vaporization rate, for the same liquid temperature and pres-
sure. Thus, the excess energy arriving at the droplet surface,
since the droplet 1s not under steady state conditions for |
that value of amblent temperature, is not totally used for
heating up, but it is also used to incerease the rate of vapor-
ization. Hence, the initial value for the vaporization rate
is substantially larger had the droplet been under steady
state conditions at the initial liquid temperature, e.g.,

for this particular history, the initlal vaporization rate
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is higher than the correspondling steady state vaporization
rate at the inltial droplet temperature by a factor of 2.
This clearly points out the importance of the coupling between
heat and mass transfer phenomena, as well as the senslitivity
of the vaporization rates. The slope in the percent-mass-
vaporized curve is also small at the end of the vaporization
process because of the decrease in the surface area. Instan-
taneous vaporization rates as well as the varlation of the
surface regression rate wlth time for the same CO2 droplet
are shown in Figure 3.4. The mass vaporization rate increases
after the initial conditlons because of the rapid increase
in the droplet temperature, reaches a maximum which is sub-
stantially higher than the initlal value,to decrease there-
after. Similarly, 1t is observed that the rate of surface
regression 1ls positive for a short period of time due to ther-
mal expansion of the liquld, then becomes gradually negative
for some time and grows progressively more negative (not
completely noticeable in this figure) tending toward an
infinite value at the end of the vaporization process because
of the decrease in the surface area. |
Figure 3.5 shows a complete vaporization history for a
carbon dioxide droplet, of 1000-micron initlial radius,
O‘BTcA initial temperature, vaporizing in nitrogen under con-
stant amblent conditions of 815°K and 72.9 atmospheres

(P The only difference between this history and the

cA)'
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preceding one 1s that the amblent nitrogen temperature is
lower in thls case. Thus, for the conditions 1llustrated in
Figure 3.5, the droplet is closer to i1ts steady state at all
times, and the liquid temperature does not rise very rapidly
after the initial conditions, for most of the energy conducted
to the droplet is utllized to evaporate the liquid. The drop-
let approaches asymptotically its steady state temperature

up to a point where the surface~to-volume ratlio becomes
apprecliable. At this inflection point, the 1liquid temperature
lncreases untll the vaporization process is completed, with
the temperature lncrease being markedly rapid at the end of
the droplet's lifetime. The radius does not exhiblt any in-
crease due to thermal expansion in the early part of the
vaporization process, even though the liqulid temperature 1is
the same as in Figure 3.3, for the same reasons outlined above.
After approximately the first 1/4% of the droplet's lifetime,
the radius approaches asymptotically a relationship of the

form

(b, - t) @ v, (t)}-5 [3.67]

which is close to roe.

Figure 3.6 shows the corresponding instantaneous values
for the mass vaporization rate and change of droplet radius
with time. The initial value for the rate of vaporization

is lower than the corresponding value gliven in Figure 3.4,
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for the same initlal liquid temperature. Furthermore, it 1s
noticed that the mass vaporization rate increases from its
initial value and reaches a maximum which 1s considerably lower
than the one shown in Figure 3.4, to decrease thereafter.

Thus, the closer the initlal droplet temperature to the

steady state temperature, the less pronounced the maximum

in the vaporization rate curve. Under steady state condl-
tions, the rate of vaporlzation decreases monotonically

with time. The instantaneous values for the mass vaporization
rate were found to approach asymptotically a relationship of

the form

1.0

W o I‘O(t)

which is close to the previously determined value of r,
The rate of change of droplet radius with time becomes pro-
gressively negative, changes curvature as the radius decreases,
and approaches asymptotically an infinite value at the end of
the droplet's lifetime because of the decrease in surface

area. Reference 26 reports a similar calculated behavior in
‘the rate of change of radius with time for 50/50 Aerozine
droplets in the combustion chamber of a rocket motor.

Figure 3.7 shows graphically the variation with time of
the heat transfer by conduction at the droplet surface. The
evolution with time of the one~dimensional composition and
temperature profiles in the film is shown in Figures 3.8 and

3.9 respectively. Thermal and concentration boundary layer
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thicknesses increase with time first and then decrease.
Temperature and composition gradients at the droplet surface
are of the order of 103-101+ °k/cm. and 10t g-mole A/g-mole
cm., respectively.

Thus far only amblent conditlons where steady state
solutions exist (Figure 2.13) have been considered. Super-
critical pressure conditions where a droplet may approach or
exceed 1ts thermodynamic critical temperature by an unsteady
process will be considered next.

Figures 3.10, 3.11, and 3.12 show the vaporization his-
“tory for a carbon dioxide droplet, of 1000-micron initial
radius, 0.9 TCA initial temperature, vaporizing in nitrogen
under constant ambient conditions of 1184°K and 112 atmos-

pheres (1.53P For these supercritical pressure conditions

cA)'
a carbon dlioxide droplet vaporizing in nitrogen continuously
heats up from its initial conditions until disappearance,
crossing in the process a critical mixing point when the

liguid temperature 1s equal to 0.957 namely point D in

cA’
Figure 2.2. The vaporization history is carried out in time
until the droplet has slightly exceeded its thermodynamic
critical temperature. It is observed from Flgure 3.10 that
the droplet reaches 1its critical temperature very rapidly
with little vaporization taking place, thus becomlng a dense

mass of vapor. Therefore, the underlyling assumption in

Spalding's polnt source theory and Rosner's distributed source
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theory, 1.e., that the droplet rapidly becomes a dense vapor,
is understood by taking into consideration the high tempera-
tures prevalling in the combustion chamber of a rocket motor.
No noticeable effect is exhibited by the liquid temperature,
which varlies almost linearly 1n the region of the critical
temperature, as the droplet crosses critical mixing point D.
Although the percent-mass-vaporlzed and droplet radius curves
exhibit essentlially the same behavior as in the previous
histories shown, thelr corresponding instantaneous values for
the rate of vaporization and rate of change of radius with time
do exhibit a discontinuity at the critical mixing point. For
these particular ambient and initial conditions, the rate of
vaporlization increases from its initial value until the criti-
cal mixing point is reached, decreasing thereafter by a differ-
ent unsteady mechanism. The droplet radius does not exhibit
any observable thermal expansion in the early part of the
vaporization process. The rate of change of droplet radius
with time shows a discontinulty at the critical mixing point,
reflecting the one in the mass vaporization rate.

Flgure 3.13 illustrates the vaporization history for a
carbon dioxide droplet, of 1000-micron initial radius, 0.8T_,
initial temperature, vaporizing in nitrogen under constant
ambient conditions of 646°K, and 112 atmospheres (1.53P,,).

As in the previous history the droplet crosses critical mix-

ing point D during the vaporization process. The history is
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carried out in time until the critical temperature has béen
reached, where approximately 98 percent of the droplet mass
has been vaporized. Under these relatively low ambient tem-
perature conditions most of the droplet's lifetime is spent
in subcritical temperature states. Surface-to-volume effects
are observed in the temperature response during the latter
part of the vaporization process. Instantaneous values for
the rate of vaporization and rate of change of droplet radius
with time are shown in Figure 3.14. Since the critical
mixing point, D, is crossed after the mass vaporization rate
has reached its maximum, the discontinuity in the rate of
vaporization is barely observable. Both of these discontin-
uities in the rate of vaporization and rate of change of
droplet radius with time cannot be detected through the

data of Figure 3.13.

A supercritical vaporization history, where steady
state conditions exist and the droplet does not cross any
critical mixing point during its vaporization, is shown
in Figure 3.15 for a carbon dioxide droplet, of 1000-micron
initial radius, O.8TCA initial temperature, vaporizing in
nitrogen under constant ambient conditions of 374°K, and
112 atmospheres (1.53PCA). It is observed that the vapori-
zation process is similar to the one depicted in Figure 3.5
where the initial droplet conditions are close to steady
state. The droplet only approaches its steady state condi-

tions. The rate of convergence in the temperature response
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is very slow with a maximum value in the rate of change of
liquid temperature with time equal to 0.9°K/sec., reflecting
‘the fact that most of the energy conducted to the droplet

is utilized to evaporate the liquid. From Figure 3.16 it

is noted that the rate of surface regression is negative
during the entire vaporization process.

It is observed from Figures 3.11, 3.12, and 3.1lu4 that
the rate of Qaporization decreases as a critical mixing point
is crossed and the rate of change of droplet radius with time
exhibits a discontinuity. Although a simple physical expla-
nation cannot be given due to the coupling between heat and
mass transfer phenomena, the mole fraction of carbon dioxide
at the droplet surface was found to decrease after a critical
mixing point was crossed, thus decreasing the potential for
mass transfer. Accordingly, the thermal conductivity and
density of the CO,-N, gaseous mixture surrounding the droplet
decrease also, modifying the heat transfer conducted to

the surface.
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Comparisons with a Low Pressure Unsteady Model

It 1s of interest to compare the foregolng unsteady
results with those predicted by the low pressure seml-
emplrical theory of Reference 10 for the case of zero rela-
tive veloclty. The purpose of this comparison is threefold:

a. Because the semi-empirical theory of Reference 10
was developed for droplet vaporization under low pressure
environmental conditlons, the effects associated with dense
mixtures, the effects of pressure upon the physical proper-
tles, and the variation of the propertles through the
vapor film are not taken into account. Thus, the overall
effect of these corrections can be estimated by simple means.

b. Because the results presented in this work are
difficult to reproduce for another binary system which may
be of interest, or experimental verification of the CO,5-N,
results may not be feasible, the trends predicted by the
above unsteady calculatlions may be compared through a third
vaporization theory which 1s simple, and only requireé average
low pressure properties.

c. The applicablility range of the semi-empirical theory
can be estimated.

Reference 10 shows in detall the derivation of the
equations involved in the analysis. Therefore, only the
final expressions used in the calculations are reproduced

here for convenlent reference.
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' The molar vaporization rate is given by

W u‘nr_O_(PDAB 1n P [3-69]
RT,. P - P,
L
dr de
2 2 o 4y 3 A
= - brie) g - 3T T [3.70]

The rate of change of droplet temperature with time

1s computed by the followlng expression (T%S TcA):

'3
dT%= wcpA(Tco - T) Caw (3.71]
dat ) we . o CI ’
mdcpA (exp ﬂﬁ%?; - 1 ) d pA
where 2
Tew + T
Tav = —2 [3.72]
Py pv
k = 5p kA + (1 - §?>kB [3.73]

In the calculations which follow, low pressure values
for DAB’ kA’ kB’ and cpA were used. these properties were
evaluated at the average temperature Tav' Similarly, p A,

L

2
Cps and cpA were taken at the pure liquid saturation conditions

v)

corresponding to Tl. Property correlations were determined
from References 19, 23, and 31. Vaporization histories were
computed numerically be a recursive formula of the third
category due to Heun8.

Before discussing the results 1t 1s of interest to note

that, for the case of steady state conditions, Equatien(3.71l]
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reduces ldentically to Equation [1.18] derived by making use
of the equations of change and assuming constant mean low
pressure properties throughout the film, namely k, and cpA‘
However, the rate of vaporization expression,[3.69],does not
reduce toll.14]. Equation [3.69] may be derived using the
equations of change and assuming a constant mean value for

the ratio (DAB/T) throughout the postulated mixture of ideal
gases surrounding the droplet.

Aé it was discussed above, the 1nitial values for the
rate of vaporiiation are largely enhanced by the ambient
temperature through the coupling in the temperature and
composition profiles, for the same liquid temperature. Inspec-
tion of Equation [3.69] indicates that the initial values
for the vaporization rate can only be enhanced through the
ratio (DAB/T)aV.

Figures 3.17 and 3.18 show a comparison between the
vaporization histories previously presented in Flgures 3.3 and
3.5 and those predicted by thé low pressure seml-empirical
theory (Equations [3.69)] and [3.71]). Under these near criti-
éal conditions the agreement between these calculated results
1s very reasonable considering the simplicity in the latter
calculations. The percent-mass-vaporized curves, which are
important in the determination of the droplet's lifetime,

agree with no substantial difference between them. This is

not to say that the instantaneous vaporization rates also agree
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with each other, as 1llustrated graphically in Figures 3.19
and 3.20. The 1inltial values for the mass vaporization rate
differ approximétely by a factor of 2. Agreement in vaporiza-
tion rates within approximately 20 percent is usually regarded
as quite good.

A comparlison betweeh supercritical vaporization histories
is shown in Figures 3.21 through 3.24. It is observed from
Filgures 3.21 and 3.22 that the droplet also reaches its criti-
cal temperature by an unsteady process in the latter calcula-
tlons, although without physical reason. As 1t was shown
graphically in Figure 2.14, Equations [3.69] through [3.71]
do not yleld elther steady state solutions for these particular
nitrogen conditions, therefore, the unsteady mathematlcal pro-
cess 1s carrlied out until the critical temperature 1s reached.
Initial values for the mass vaporization rate are lower in the
latter calculations by a factor greater than 2. Figures 3.23
and 3.24 show a substantial disagreement between calculated
results under high density conditions, namely high pressures
and low amblient temperatures. The droplet's lifetime differs
by a factor of approximately 1.5 in this case: High density
conditions are important in high pressure sprays, as those
encountered in operating diesel engines. Since the effects of
total pressure on vapor pressure and enthalpy of vaporlization
are considerable under these conditions (Figures 2.2 and 2.3),

the results predicted by the simplified vaporization theory can
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be greatly improved by taking into account these effects.
Figures 3.25 and 3.26 show a comparison between calculated
results at high densities by taking into account the effects
of total pressure on vapor pressure and enthalpy of vapori4
zation. It 1is observed that the agreement between vaporization
times 1s excellent and the instantaneous vaporization rates
agree with no substantial difference between them. Therefore,
vaporization times under high density conditions may be esti-
mated by the simple theory of Reference 10 provided the vapor
pressure and enthalpy of vaporization are properly corrected.
Unfortunately, the simplified theory ceases to be useful as

soon as the critical mixing line is reached.
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Concludling Remarks

The following conclusions may be drawn from the above

unsteady analyslis:

i.

i1.

The unsteady heating-up period 1s most impprtant in
the vaporization process of single droplets“under

high pressure environmental conditions. Its impor-
tance may be estimated qualitatively if one conslders
that the time required by a solid sphere to reach

a steady state temperature is related to the thermal
diffusivity by Fourler's modulus, i.e., t = rg/a .
Furthermore, making use of Equations [2.24]) and [2.25]
it 1s observed that the ratio of heating-up to steady
state periods is directly proportionél to the ratio
(cpA/k)l. Although the specific heat as well as the
thermal conductivity of a pure substance increase

with pressure, the specific heat increases much faster
in the critical region than the thermal conductivityes,
Hence, the unsteady heating-up period is most important
at high pressures.

A vaporlzing droplet can indeed reach and exceed its
thermodynamic critical temperature, thus becoming a
dense mass of vapor, at supercritical. pressures by an
intrinsically unsteady process. Under high enough
ambient temperatures and a supercritical pressure,

a droplet reaches very rapldly its critical temperature.
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11ii. Initial values for the mass vaporization rate are
largely enhanced as the ambient temperature 1increases,
for the -same initlal droplet conditions.

iv. Inclusion of the effects assoclated with dense mix-
tures, the effect of total pressure on vapor pressure
and enthalpy of vaporizatlon, as well as the pressure
effect upon the thermophysical properties, cannot be
disregarded in high pressure vaporization analyses.

v. Large density variations are exhibited in a small
radlal distance surrounding a vaporizing droplet.
Temperature and composition gradients at the droplet
surface are appreclable.

vi. Slight departures from the square law dependence in
~the varlation of the droplet's lifetime with radius
were found.

vii. Vaporization times may be estimated by the quasil-
steady theory of Reference 10 over a wide range of
temperatures and pressures, provided the vapor pres-
sure and enthalpy of vaporization are properly cor-
rected under high density conditions. Without correc-
tions, the theory of the reference predicts too long
vaporization times under high pressures and low
ambient temperature conditlons.

viii. None of the major assumptions introduced in the
analysis, namely, essentlally infinite lliquid ther-

mal conductivity, a continual formation of completely
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fresh liquid surface, and thermodynamic equilibrium
at the droplet interface preclude a droplet from reach-

ing its critical temperature under supercritical

pressure conditions by an unsteady process.

As the critical temperature of the liquid is approached
the absorption rate of nitrogen into carbon dioxide
may become important. Therefore, the accuracy of

the absolute values reported may become debatable.
However, the limlting case considered 1s a necessary

one for the absence of diffusion data.
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Figure 3.1. Finite-difference grid.
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Figure 3.2. Relationship between a change in the mole
fraction at the surface and the corresponding change
that would be obtained in the mass of the droplet.
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Figure 3.8. Evolution with time of the one-dimensional
composition profiles in the film surrounding a vapor-
izing droplet. Vaporization conditions equal to those

of Fig. 3.5.
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Figure 3.9. Evolution with time of the one-dimensiocnal
temperature profiles in the film surrounding a vapor-
izing droplet. Vaporization conditions equal to those
of Fig. 3.5.
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radius with time for the vaporizing droplet of Fig. 3.10.
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Figure 3.21. Comparison between droplet temperature re-
sponses.
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IV. UNSTEADY VAPORIZATION WITH
PRESSURE OSCILLATIONS

The vaporization process is recognized as a funda-
mental factor in determining combustion instability. Nume-
rous studies carried out in the past have indicated that
pressure oscillations in a combustor often amplify with
the result of engine destruction.

Heidmann and Wieber12’13

investigated the vaporization
process in unstable combustors with traveling transverse
oscillations by analyzing the frequency response of the
droplet vaporization process to oscillations in pressure
under a wide range of conditions. They indicated that if
the mass vaporization rate and total pressure are both
simultaneously above or below their average values there
is a potential for combustion instability in the overall
dynamic analysis of a combustion system. Conversely, if
the mass vaporization rate variation is out of phase with
respect to the oscillation in pressure,damping is intro-
duced into the system.

The analysis which follows does not attempt to
describe the entire dynamic frequency response of the drop-
let vaporization process subjected to radial pressure

oscillations, nor to establish a criterion for combustion

instability. The calculations provide a measure of the

118
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sensitivity of the vaporization process to superimposed
pressure oscillations as well as the driving or damping
potential to instability as postulated above. Making use
of the analysis the assumption of essentially infinite
liquid thermal conductivity is evaluated by comparing the
liquid temperature response under the assumption of finite
thermal conductivity. Relaxation times in the gas phase
under high density conditions are discussed.

The basic relationships in the analysis are first
derived for a binary system of components A-B. These
relationships are then applied to carbon dioxide droplets
vaporizing in nitrogen under high pressure conditions with
superimposed pressﬁre oscillations. It is assumed that,
for relatively small pressure oscillations, the total pres-
sure in the system is only a function of time, and the liquid
properties, as well as the vapor pressure and enthalpy of
vaporization are not significantly affected by the oscilla-
tions in pressure. Moreover, the variation in nitrogen
‘temperature associated with the pressure oscillations is

assumed to be isentropic.
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Theoretical Model

Most of the governing equations and boundary conditions
presented in the last section require only slight modifi-
cations in order to take into account the superimposed
pressure oscillations on the vaporization process.

Equation of continuity of species A:

c if— + eVyg ;;é = iz 3% (r2cDAB ;;é) [u.1]
3t r

Equation of continuity of the mixture:

e v b Lrlevyy = 0 [4.2]
Equation of energy:

CXA{};% * cxsi;g *NAEE% * Naf%

= %2 3% (r2k %% + J%% [4.3]

Equation of state:

c = c(x,,P,T) [4.4]

The partial molal enthalpy of each component, EA and

ﬁB’ the thermal conductivity of the mixture, k, and the
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binary diffusivity, DAB’ are taken as functions of tempera-
ture, pressure, and composition.

Introducing the transformation
y =p - ro(t) (u4.5]

and making use of the chain rule in order to take into
account the temperature, pressure, and composition dependence
upon the thermodynamic and transport properties, the gover-
ning equations may be arrangéd in the independent variables
y, and t.

Thus, integrating the equation of continuity for the

mixture:
2
r - . (c)
o) ] =0
v z — v 0,t) + -y
Yty +r)? [y €050 + 2] —3
y
- r, 1l - 1 3 (y + ro)z
(y + ro) c
0

A BY

y

- 1 3 (y + ro)z
(y + ro) c
0
3x
3 ¢ A ac T ac dP
(giz ST+t S SESP —?-) dy [u4.6]
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Similarly, the equations of continuity for species A

and energy

BxA
t

Soim—

3

and

where

become, in the independent variables y, and t:

22
A'_*A (BT, 28" S i [4.7]
- 2 Tdy y+r T My) 3y '
Ay o
|
calt (DAL B 2y ) 2
dy oy 3y y + ro» My / 3y
azx ax 2A'F! dAx
A'F'° TA (G' A _B'F'aT _ == ) A
- - ~—Sv - T -5y " A
ay7 Sy 0y ¥y t g y
1
H %TE [4.8]
(eD,,)
|
Al . CAB [4.9]
3(eDh
B' . .cl_ BTAB> [4.10]
c' . . 1; — [4.11]
P
D' _ 1 d k -
? ek [axA + eDp(E , - Spp) ] [4.12]
P
3 H dH
F' _ 1 A B
g _ (cDAB) aHA ) aﬁB) th. 153
T e cp BxA §xA *
3H 3H
H' _1 |[J A _ (4. B
- = -C-P [E - XA—g—P- (1 XA W—] [u.16]



123

Under the postulated assumptions the boundary conditions
at the droplet surface are the same as those presented in
the last section, namely Equations [3.43], [3.u44], and [3.47].

Ambient conditions are specified by

0 (4.17]

XA (w0, t)

and
y-1

T (=, t) = Ty (P/P) "y [(4.18]

where To and P are respectively the average ambient tempera-

ture and pressure. Furthermore,
P =P + P'sin (2mf't) fu.19]

where P' and f' are respectively the amplitude and frequency

of the sinusoidal pressure oscillation.

Numerical Method of Solution

The equations of change were solved using the same
explicit numerical technique described in the last section
with minor modifications in order to take into account the
additional terms which arise from the superimposed pressure
oscillations.

The oscillatory pressure component was initially set
equal to zero in the unsteady vaporization process. When
evaporation reduced the droplet radius to an arbitrary value
or the liquid temperature reached a specified value, a
sinusoidal oscillation in pressure of amplitude P' and

frequency f' was imposed upon the vaporization process.
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Applications to a CO2—N2 System

Figure 4.1 shows the response of a 002 droplet vapor-
izing in N, at average temperature and pressure conditions
of 374°K and 112 atm., to a sinusoidal pressure oscillation,
4 atm. peak to peak, and with a frequency of 500 Hz. The
pressure oscillation is imposed on the vaporization history
of Figure 3.15 when the droplet radius has been reduced to
697 microns. The cycle time is very small compared to the
droplet's lifetime and the liquid temperature (256.18°K)
is virtually unchanged throughout one oscillation. It is
observed that the gas phase responds immediately to the chan-
ging pressure under these high density conditions. The mass
vaporization rate is essentially out of phasé with respect
to the pressure and/or heat waves, where the heat wave
represents the variation in the heat transferred by conduction

at the droplet surface. Thus, a negative response factor

is obtained, where the response factor is defined byl3
/€'
s ded dt
1_ /0
N = _UF‘——_—. ['4.20]
2
(75 o
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where

Pd = , [u.21]

Wy [u.22]

€|

The response factor, N',indicates the degree of driving or
damping to combustion instability as generally postulated

in the dynamic analysis of a combustion system whether it

is positive or negative, respectively.

Figure 4.2 shows the same vaporizing droplet of Figure
4.1 except that the frequency of the pressure oscillation is
very low, namely 0.5 Hz. For this low frequency case the
liquid temperature has enough time to respond to the imposed
pressure oscillation, changing the vapor pressure, and a
response factor slightly positive is obtained.

The above results agree qualitatively with the frequency
response analysis of Heidmann and Wieber for heptane droplets
with superimposed transverse oscillations, viz., a positive
response factor is obtained at low frequencies where the
liquid temperature has enough time to respond, and a negative
gain is obtained at high frequencies where the vaporization
time is large compared to the oscillation period.

Considering that the average nitrogen temperature is
relatively low in the foregoing calculations, higher temper-
ature conditions were analyzed maintaining the average total

pressure at the same value, namely 112 atmospheres.
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Figures 4.3 and 4.4 show the response of a carbon dioxide
droplet vaporizing in nitrogen at average temperature and
pressure conditions of 1184°K and 112 atm., to a sinusoidal
pressure oscillation, 4 atm. peak to peak, and with a fre-
quency of 1000 Hz. The oscillation in pressure is imposed
on the vaporization history of Figure 3.10 when the liquid
temperature is 276°K and 287°K, respectively. Under these
conditions less than 10 percent of the droplet mass has been
vaporized. The cycle time is very small compared to the drop-
let vaporization time and the liquid temperature remains
virtually unchanged (0.03°K/cycle) throughout one oscillation.
Contrary to the previous low nitrogen temperature cases,
the heat arriving at the droplet surface is substantially
larger in this case. Furthermore, the mass vaporization
rate is essentially in phase with respect to the pressure
and/or heat waves. Thus, a positive response factor is
obtained. In order to see if the phase angle between the
pressure and the vaporization rate oscillations changes
under higher frequency conditions, as one may suspect from
the behavior exhibited in Figures 4.1 and 4.2, pressure
oscillations with frequencies of 5000 Hz. and 15000 Hz.
were imposed upon the same droplet whose response is illus-
trated in Figure 4.4. It is observed from Figures 4.5 and
4.6 that the mass vaporization rate remains in phase with
the pressure and/or heat waves even at these high frequen-

cies. Therefore, one may discard the extremely small liquid
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temperature change as the cause for the vaporization rate
variation, nevertheless small, to be in phase with the
pressure and/or heat waves at high frequencies. However,
as discussed in the last section, the initial values for
the mass vaporization rate in the unsteady process with-
out pressure oscillations are largely enhanced under high
ambient temperature conditions through the coupling in the
temperature and composition profiles, for the same liquid
temperature. Consequently, one may conjecture that at
high frequencies the vaporization rate is in phase with
the pressure and/or heat waves during the early stages of
the vaporization process provided the energy arriving at
the droplet surface is high enough to drive the vaporization
response in that direction.

Figure 4.7 illustrates the response of a carbon
dioxide droplet vaporizing in nitrogen at average tempera-
ture and pressure conditions of 646°K and 112 atm., to a
pressure oscillation, 4 atm. peak to peak, and with a fre-
quency of 1000 Hz. imposed during different stages in the
vaporization history shown in Figure 3.13. It is observed
that the vaporization rate is in phase with the oscillation
in pressure during the early part of the vaporization pro-
cess and reverses its behavior as the process progresses.
A similar response to pressure oscillations is observed
during the early part of the vaporization process under

average nitrogen conditions of 1400°K and 72.9 atmospheres.
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Thus far only cases where the droplet temperature
is lower than the corresponding critical mixing temperature
have been considered. Figure 4.8 shows the response of
a carbon dioxide droplet vaporizing in nitrogen at average
temperature and pressure conditions of 1184 °K and 112
atm., to a pressure oscillation, 4 atm. peak to peak,
and with a frequency of 1000 Hz. The oscillation in pressure
is imposed on the vaporization history of Fig. 3.10 when
the droplet temperature is slightly higher than the
critical mixing temperature for this particular value of
average total pressure. It is observed that the vapori-
zation rate tends to increase more rapidly in this case
(approximately 0.1 percent per cycle) than in the pre-
vious ones considered.

In order to observe the overall effect of the
pressure oscillations upon the entire vaporization process
including supercritical mixing conditions, pressure oscil-
lations, 4% atm. peak to peak, and with a frequency of
1000 Hz. were imposed on a carbon dioxide droplet of 15-
micron initial radius and initial temperature of O.STCA,
vaporizing in nitrogen at average temperature and pressure
conditions of 646 °K and 112 atmospheres. These vapori-
zation conditions are similar to those of Fig. 3.13. It
is observed from Figs. 4.9 and 4.10 that the overall effect
of these relatively small amplitude pressure oscillations

(of the order of 2 percent of the total pressure) on the
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entire vaporization process is negligibly small and the
physical significance of the above response factors is
uncertain under these conditions. Unfortunately, in order
to analyze the overall effects of large pressure oscilla-
tions, the momentum equation would have to be included

as well as the variations in the liquid properties, com-
plicating enormously the analysis and thus making the
computing time prohibitively longer. Nevertheless, the
foregoing results indicate that the relaxation times in
the gas phase are very short under high density conditions,
a major concern in quasi-steady analyses.

In order to evaluate the assumption of essentia;ly
infinite liquid thermal conductivity in the above calcu-
lations, where the liquid temperature remains virtually
unchanged throughout one cycle under high density conditions,
the limiting case of a solid sphere, treated as a semi-
infinite body, of finite thermal conductivity and subjected
to a periodic surface heat flux oscillation is now con-
sidered.

It can be shown that the steady periodic tempera-
ture distribution, T(Z,t), in a semi-infinite body sub-
jected to a periodic surface heat flux Q = Q'sin(2wf't),

and with an initial temperature, say zero, is given by

T(Z,t) = Q'egié-ZN) [sin(an't - ZN) - cos(2nf't - ZN)] .

Z>0 [4.23]
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where
N = (ﬁf'ccplk)l/z [4.2u]
Thus, the magnitude of the maximum temperature
change at the surface is
]
IT(O,t) I = Q (4.25]
max (2nf'kccp)1’7

For the liquid and heat flux conditions illustrated
in Fig. 4.1 the maximum droplet temperature change is
found to be approximately 0.005 °K, making the assumption
of essentially infinite liquid thermal conductivity

unimportant.
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V. CONCLUSIONS

This investigation has shown that at supercritical
pressures a droplet may reach and exceed its thermodynamic
critical temperature, thus becoming a dense mass of vapor,
by an intrinsically unsteady process. Under supercritical
pressure and high ambient temperature conditions, such as
those encountered in the combustion chamber of a rocket motor,
a liquid droplet rapidly reaches its critical temperature
with little vaporization taking place. On the other hand,
under supercritical pressure and low or moderate ambient
temperature conditions, such as those of high pressure sprays
encountered in diesel englnes, a liquid droplet may pass
through the critical mixing line but 1t may not reach its
thermodynamic critical temperature.

It has been shown that for a given value of ambient
temperature there i1s an upper 1limit in the total pressure
of the system above which steady state conditions cannot be
obtalned in the vaporization process. Furthermore, at high
pressures most of the droplet's lifetime is spent under
unsteady conditions.

The non-ideal effects associated with dense mixtures,
hitherto neglected, cannot be ignored in vaporization
analyses at high amblent pressures. The effect of the inert

gas pressure on the vapor pressure ls appreciable at high

141
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pressures and the enthalpy of vaporization 15 drastically
modified.

High density gradients are exhlbited in the vicinity
of the vaporizing droplet. Similarly, temperature and
composition gradlients at the droplet surface are very large.

The mass vaporlization rate increases with increased
pressure and/or ambient temperature. Initial values for the
rate of vaporization are largely enhanced by an increase in
the ambient temperature, for the same value of liquid
temperature and pressure.

The entire droplet vaporization time follows closeiy
the square law dependence on the variation of the droplet
radius.

Vaporization times can be predicted with reasonable
accuracy by the quasi-steady theory of Reference 10 over a
wide range of temperature and pressures, provided the vapor
pressure and enthalpy of vaporlzation are properly corrected
under high density conditions. Without corrections, the
theory of Reference 10 predicts too long vaporization times
under high pressure and low ambient temperature conditions.
Conversely, 1t predicts shorter vaporization times under
moderate pressures and high ambient temperatures.

Sinusoidal pressure oscillations of relatively small
amplitude have a negligibly small overall effect upon the
‘entire vaporization process.

Relaxation times in the gas phase are very short and
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thus the gaseous phase may be treated by a quasil-steady
analysis. This 1s to say that the profiles in the gas phase
accommodate very rapidly to a new position after a distur-
bance has been imposed.

The theory presented is limlted in scope to those cases
where gravitational and hydrodynamic effects can be neglected.
Absorptlion rates of the lnert gas into the liqulid phase are
assumed to be negligible and the liqulid phase 1s assumed to
have a uniform temperature. The theory does not account for
any radiant energy exchange nor chemical reactions in the
boundary layer. Coupled effects assoclated with transport
processes, i.e., the Soret and Dufour effects, are neglected.
Although the validity of this assumption may be debatable
due tc the high composition and temperature gradients in the
vicinity of the droplet surface, the assumption 1s a necessary
one because of the lack of data.

The stagnation point of a liquid droplet Immersed in a
gas stream contains many of the features of unsteady vaporiza-
tion and thus an analysis similar to the one presented here
may be carrlied out.

Although numerous research studlies on the thermodynamics
of high pressure mixtures are being conducted, most of them
are applicable only to nonpolar mixtures with little knowledge
on the liquid phase behavior. Therefore, systematic investi-
gations on a wide varlety of mixtures, such as those encoun-

tered 1n an operating engine, may greatly enhance the possi-
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bilities to describe a system analytically.

Visual investigations of interfaces in transport processes
may largely illuminate the present fundamental knowledge on
thermodynamic equilibrium, absorption rates, and thermal
gradients in the liquid phase.

It is hoped that this investligation has 1lluminated
some of the fundamental aspects of the single droplet vapor-
1zation process at high pressures and will stimulate further
research studles, so that eventually the vaporization process

in an operating engine can be analytically simulated.



APPENDIX A

A. Thermodynamic Properties

The Redlich-Kwong equation of state is

RT a

P = -
(v =-b) 10:-5,(v + b)

(A.1]

In order to apply Equation [A.1] to mixtures several
mixing rules are possible.
In terms of the gaseous mixture compressibility factor,

Equation [A.1] was arranged in the following form??:

2
.1 __ _A_ _n
2T T TEW LA.2]
where
1/2
- 2.5 2'5
A = E : xi(0.4278Tci /PgiT ) [A.3]
i
B = :E: x;(0.0867T /P . T) [A.4]
i
h = BP/z [(A.5]

Inspection of Equations [A.l1] and [A.2] shows that solving
for v or z (given T, P, and xi) involves trial-and-error
calculations. Hence, for digital computer programming it
is convenient to rewrite Equation [A.2] as

3 2

zv - z° + (A2

2

- B - B%p)Pz - A%BP?2 = 0 [A.6]
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The compressibility factor of the vapor phase was deter-
mined at each polint through the boundary layer from Equation
[A.6] by the Newton-Raphson method. The pure component criti-
cal constants were determined from Reference 23.

The partlial molal enthalpy of component 1 1n the gaseous

mixture was determined by the following thermodynamic relation

[¢) —
-———-—-2————-H1 ! = '5'% in —-—fi > [A.7]
RT xiP
where, in the gas phase22
£y, By
1n-iz~1-,—=-1-3—-(z—1) - 1n (Z-BP)
2 [2A B
A 1 i BP
"-B—-(T - g)ln (1 +-—z- [A.8]

Thus, differentiating Equation [A.8] with respect to tempera-

ture, the following expression 1s obtained:

o

1::.?2'.— 1 +£ Eﬁi‘.-B._}_ PB CI
RT2 B z - BP B A B z(z + BPS

3 Bp |{2A1 By | 42
+-2—f[ln(l+2—->(r-§j; %— [A.9]
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where

1im P » O [4.10]
im z + 1

In order to determine the vapor-liquid equilibrium condl-
tions at the interface, as well as the enthalpy of vaporization,

Equation [A.1] may be arranged as

3 2 a 2 Pz
z7 -z + - bRT - b°P —y
( T°‘5 ) (RT)
_a® [A.11]
R3p3+D |

with the following mixing rules slightly modified from

Reference 7:

a ==zi: ZJ xixjaij [A.12]

b = :E: Xy by [A.13]

1

_ 2. 2.5
331 = R Ty Py [A.14]
a;, = 0.5(2, + naJ)RTc%35 Vey3/[0-291-0.04(u, + 0,1

[4.15]
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b, = QbiRTci/Pci [A.16]
1/3 1/3
vi{? = (vgy  + gy )/2 [A.17]
- 1/2

TciJ (TciTcJ) [A.18]

Pure component constants were determined from References

5 and 23.
The fugacity of each component was determined by7
2D x g

f b S B

1 v 1 J v+b
in —= = 1ln + - 1n

xiP v-=b v-b RTl'Sb v
ab
i v+b b Pv
t T35 (1“ ~ - VIB>‘ In g [2.19]

where the molar volume was determined via Equation [A.1l1].

The heat of vaporization was determined via Equation [A.7].

B. Transport Properties

Thermal Conductivity

Palnstaking experimental investigations seem to confirm
a conslderable enhancement in the thermal conductivity of
some pure substances 1n the immediate vicinity of their
thermodynamic critical point35. However, contrary to this
behavior in the case of a puée substance, the thermal conduc-

tivity of some binary mixtures investigated25 does not exhibit
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any pronounced anomaly near the critical mixing point. The
absence of thls anomaly seems to be established.

Very few experimental data on the thermal conductivity
of Cog-NQ’mixtures at high pressures are available to be
correlated. 1In the absence of this information, the thermal
conductivity of the gaseous mixture was calculated by using
the Stiel and Thodos pure component correlation29 treating
the mixture as a hypothetical pure substance with pseudo-

critical properties:

(k - k°)gz = 14x10™3(exp 0.5355, - 1) , T, < 0.5

(k - k°)§§c = 13.1x10'8(exp 0.67c, - 1.069) ,
0.5 < 'é‘r < 2.0 [A.20]
(k - k°)§£c = 2.976x10‘8(exp 1.155¢,, + 2.016) ,
2.0 ¢ or < 2.8
where / / /
1/6= 1/2 , = 2/3
g = T, M / P, [A.21]
c, = '{fc/v [A.22]

The pseudocritical constants were determined by using

the Prausnltz and Gunn's modifled ru1e323:

V. o= x

o aVor * (l—xA)ch [A.23]

3 XpZ,, + (i-x [A.24]

c A%c A)ch
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Te = XpToq + (1-%,)T g [A.25]
P, = chTc/ v, [A.26]
M = XM, + (1--,xA)MB [a.27]

The molar volume of the mixture was computed via Equation
{aA.6). Estimation of the mixture thermal conductivity at
low pressures 1s required. Since 1t is not in general a linear
mole fraction average of the pure component thermal conducti-

vitlies, Brokaw's xme'cl‘u:«i)1L was used:

o

K = aqkp + (L1-a)kg [A.28]
where
k; = xAkKk + (1-x, )k [A.29]
1k, = xA/ki + (1-x,) /kg [A.30]
a4 = 0.3171300 + 0.2878377(1-x,) - 0.2380630(1~XA)2

+ 0.4273880(1-x,)3

= g(mole fraction of light component) [A.31])

Pure component properties were obtained from References
19, 20, and 23.

The correlation and its computer subroutine were tested
against one experimental point15 at T = 323.2 OK, P = 81 atm.,
and X, = 0.659. Although the calculated thermal conductivity



151

value was found to agree within 1.5 percent of the experimental
value, less accuraéy may be expected in general under the
conditions prevailing in the gaseous film surrounding the
vaporizing droplets studied.

Diffusivity DAB

—

Experimental data on the coefficlent of binary diffusion

Dan

CDAB

polar substances based on self-diffuslon measurements

for high pressure mixtures are very scarce, The product
was estimated from a corresponding-states chart for non-
28, 30
Accurate results are obtained at low densities. At high
densities the method is regarded as provisional, for very

few data are avallable for comparison.



APPENDIX B

e e e e e A2
A. STEADY STATE VAPORIZATION AT HIGH PRESSURES

THIS PROGRAM COMPUTES TEMPERATURE AND COMPOSITION

PROFILFS, AMBIENT TEMPERATURE, AND RATE OF VAPORIZATION

FOR SOME GIVEN STEADY STATE CONDITIONS. IT ALSO
COMPUTES INITIAL CONDITIONS FOR UNSTEADY VAPORIZATION.

INPUT DATA
R(1) IS THE DROPLET RADIUS

TCIY IS THE LIQUID TEMPERATURE
XA(1) IS THE MOLE FRACTION AT THE INTERFACE

DIFH IS THE ENTHALPY OF VAPORIZATION

P IS THE TOTAL PRESSURE

@ IS THE ENERGY GOING INTO THE DROPLET, CAL/SEC. UNDER

. . STEADY STATE CONDITIONS SET Q=0, FOR INITIAL CONDEITIONS .

" OUTPUT DATA

15

L P=112.0

TIN UNSTEADY VAPORIZATION O IS NOT FQUAL TO Z&RO.
WGM IS A CLUSE GUESS VALUE TO THE VAPORIZATION
RATE, GMS/SEC.

DELTA IS THE SPACE INCREMENT IN NUMERICAL TECHNIQUE

TEMPERATURE AND COMPOSITION PROFILES IN THE GAS
PHASE, AMBIENT TEMPERATURE, AND RATE OF VAPORIZATION,.

DIMENSION T(1000), XA(1000)y R{1000), DXA(1000),
1¥Y{(10006), DY(1000)
CUMMON TLyP o XLyCONLyZL y HAL

DEFINE CDRF(T)=z 1e14%{T/TCI*%(9,/10,)

PRINT 15

FURMAT (1H1 49Xy 6HRADIUS 314X 44HTEMP, 14X ,4HMOLE)
ITER= 0
DELW= 1.0F~5
WGM= 0 .,2E-3
DELTA= 00,0025
ML= 300

PI= 3.14159265

0= 1.5E-2
ITER= ITER+1
R{1)= 0.1
T(1)= 243.36
XA(1l)= 0.335
(DIFH= 1212,
TCA= 304.2
TCB= 126.2
WA= 44,01
WB= 28.016
PCA= 72.9




PCB= 33,5

CDABC= 3.,05E~6%(1le/WA+1./WB)%%k(14/2.)%(PCA%*PCB)

L#%(1a/34 )/ L(TCARTCB)*%(1a/124))
TC= SORT(TCA*TCB)
— e M= WGM/WA
: DT= 0.001
DX= 0.001
TL= T(1)
XL= XA(1)
CALL COND
LON= CONL
Y{1)= (WxDIFH+Q)/ (44*PI*CON*R(1)*%2)
N= 1
101 CDAB= CDRF(T(N))*CDABC
DXAIN)= =Wi(L1e=XA(N))/(4s%PI*CDABRR (N) %
TN2= T(N)+DT
ANI= TANI=OT
TL= TN2
XL= XA(N)
CALLL COND
CALL ENTH
CT2= CONL
WHATZ= HAL .

2)

TL= TN1
CALL COND
CALL ENTH
CTl= CONL
HAT1= HAL
oo JCUNT= (CT2-CT1)/(2.%DT)
o HAT= (HAT2=HATL)/(2.%DT)
XN2= XA(N)+DX
XN1= XA(N)=-DX
TL= T(N)
XL= XN2
CALL COND
CALL ENTH
CX2= CONL
HAX2= HAL
XL= XN1
CALL COND
. CALL ENTH_
CX1= CONL
HAX1= HAL
CUNX= (CX2=CX1)/(2.%DX)
HAX= (HAX2=-HAX1)/(2.%DX)
DY(N)= WHHAXADXA(N) /(4 %P ICONSR(N)%*%2) -

2%Y (N)

HEUN METHOD

Rl= R{N)+(1./3.)%DELTA

XAl= XA(N)+(1ls/3.)%DELTA*DXA(N)
Y1= Y(N)+(1le/3+)*DELTA%DY(N)

(2e/R(N)

183

s s e

+ CUONX%

IDXA(N)/CON + CONT*Y(N)/CON = WHHAT/ (4o*PI*CONSR(N}H*2)) _ .



o nCALL COND

T CALL ENTH T

TCALL COND

T CDABZ2="CDRF(T2)*CDABC

_1st

Tl= TIN)+(1le/3.)*DELTA%Y(N)

CDABl= CDRF(T1)*CDABC

DXAl= =W¥*{1le=XAL)/(4.*PI*CDABL*RL*%2)
TL= T1
XL= XAl

CUN1= CUNIL
TN21= T1+DT
TNLIl= T1-DT
TL= TNZ21
CALL COND

CT21= CONL

HAT21= HAL

TL= TN1l

CTil= CONL

HATll= HAL
CONT1= (CT21-CT11)/(2.%DT)
HATl= (HAT21-HAT11)/(2.%DT)
XNZ21= XAL+DX

XN1l= XAl-DX

TL= T1

XL= XN21

CALL COND

CALL ENTH

CX21= CONL

HAX21= HAL

XL= XN11

CALL ENTH

CX11l= CONL

HAX11l= HAL

CONX1= (CX21~CX11)/(2.%DX)

HAX1= (HAX21-HAX11)/{2.%DX)

DY1= WxHAX1*DXAL/(4e%PI*CONL*R1%%2) = (24/R1 + CONX1x

"1DXAL/CON1 + CONTLI*Y1/CONL =~ WHHAT1/(4.*PI%*CON1%R1%%2))
23%Y 1

R2= RIN)+(2./3¢)%DELTA

XA2= XA(N)+(2./3.)*DELTA%DXAL

Y2= Y{N)+(2./3.)%DELTA%DY1

T2= TIN)+(2./3 . )%DELTA%Y1

DXAZ2= =W¥*(1le=XA2)/(4.*PI*CDAB2%*R2%%2)
TL= T2

Xi.= XA2

CALL COND

CONZ= CONL

TN22= T2+DT
TN12= T2-DT
TL= TNZ2Z
CALL COND
CALL ENTH
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CT22= CONL
HATZ22= HAL
TL= TN12
CALL COND
CALL ENTH

CT12= CONL

HAT12= HAL

CUNT2= (CT22-CT12)/(2.%DT)
HAT2= (HAT22-HAT12)/(2.%DT)
XN22= XA2+DX

XN12= XA2-DX

TL= T2

Xi.= XN22

CALL COND

CALL ENTH

CxX22= CONL

XL= XN12

CALL COND

CALIL, ENTH

CX12= CONL

HAX12= HAL

. CONX2= (CX22-CX12)/(2.%DX) e

HAX2= (HAX22-HAX12)/(2.%DX)

DY2= WHHAX2%DXA2/( 4, %P IxCON2%R2%%2) = (2,/R2 + CONXZ:*
1DXA2/CON2 + CONTR2%Y2/CON2 = WHHAT2/ (4 %P I*CON2%R2%%2))
2%Y2

M= N+1
S RAMY= ROND+DELTA

XA(M)= XA(NI+DELTAX{(1e/4 )3DXAIN)+(3e/4,)%DXA2)

Y(M)= YUN)+DELTAR({(1e/4e )R DY{NI+(3./4.)%DY2)

TIM)= TIN)+DELTAR{{1a/4e)*Y(N)+(3/44)%Y2)

IF (ML-M) 104,104,103

103 N=M
e AFL49=N) 11021100112
111 DELTA= 0,01
112 CUNTINUE
K= N=1
EPST= T(N)=-T(K)
IF(EPST-0.3) 108,108,107

e d08 CUNTINUE

SWITCH T ASYMPTOTIC SOLUTION
CPA= HAT
XAID= 1e¢ = EXP(=W/(4,%PI%CDAB%R(
TINID= T(K) + 4,%PI*CON®Y(K}*R(K
IPICIONZHR(K)}))I=14) /7 (WkCPA)
_EPSXA= XA(K)=XAID L
IF (2=-1TER) 12,11,10
10 EPSXAP= EPSXA
WGP= WGM
WGM= WGEM+DELW
GJ TI 7

1))
V##24(EXP (WRCPA/ (4%




1

GJ T 7

DO 8 IND= 14N

8 PRINT 95 RIIND),T(IND)ysXA{IND)

9 FORMAT {(1HO, 3E20.6)

WGM= WGP+EPSXAPXDELW/ (EPSXAP~EPSXA)

TPRINT 13

13 FORMAT (1HO,9Xy 11HTEMPERATURE 415Xy 4HFLOW)

PRINT 14, TINID, WGM
14 FORMAT (1HO, 2F20.6)
STIP ‘
07 CONTINUE

..104 STOP

Tl TONY
XL= XA(N)
CALL COND
CON= CONL
G) TU 101

~END

SUBRUUTINE PVTX
COMMION TLyP9XLsCONL, ZLyHAL

REDLICH-KWONG EQUATION OF STATE

T UTCA= 304.2
TCB= 126.2
PCA= 72.9
PCB= 33.5
T= TL
XA= XL

CTRA= T/TCA
TRB= T/TCB
ASA=
ASB=
BSA=
BSB=

SORT(0.4278/(TRB
0.0867/(TRA%PCA)
0.0867/(TRB*PCB)

~ 7 ASM= XA®ASA + (1. - XA)®ASB

BSM= XA*BSA + (1.
ASMS= ASMsk
NEWTON RAPHSON METHOD
C3= 1.0

€2= -1.0

- XA)*BSB

SORT(0.4278/ (TRA®%(5,/24 )%PCA})
#%(5e/24)1%PCB))

CCl= P*(ASMS =~ BSM - PxBSM¥*2)

CO= = ASMS#BS Mk Pk
0= 1.0
M= Z0
ITN= O
42 B= (3

C= 8B

B= C2 + ZMxB
= B + ZM¥C
B= Cl + ZM#*B

C= B + ZMx(

...186
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B= CO + ZM*B
INEW= ZM - B/C
IF (ABS((ZM = ZNEW)/ZINEW) = 0.01) 43,44,44
ITN= ITN + 1

IF (ITN = 20) 454+46,46

45

64

IM= ZNEW
GO TO &2
PRINT 3 .
FORMAT (1X, 34HFAILS TO CONVERGE IN 20 ITERATIONS)
PRINT 645 IM

FORMAT (E10.,3)

43

END

TCA= 304.2

C TBB= Tl.4

.VCB= 90.1

STUP

IM= ZINEW
L= IM
L= 1
RETURN

SUBRUUTINE COND
CUMMUON TLyPyXLoCONL,y ZL 9 HAL
THERMAL CONDUCTIVITY OF THE MIXTURE

TCB= 126.2
WA= 44,01
WB= 28.01l6
SIGA= 3.941
SIGB= 3.798
TBA= 195.2

R= 1.,98588
ICA= 0,274
ZCB= 0.291
VCA= 94,0

T="TL

XA= XL

TRA= T/TCA

TRB= T/TCB |

VISCOSITIES AT LOW PRESSURE, POISES
TSA= T/TBA
TSB= T/71BB
OMAR= 0.697%(1. + 0,323%L0OG(TSA))

OMBR= 0.697%(le + 0.323%L0OG(TSB))

VISA= 2.669E=5%0MARSSORT (WAXT)/{SIGA®%2)
VISB= 2.669FE=5%0MBR*SORT(WB*T)/(SI1G3%%2)
SPECIFIC HEATS AT LOW PRESSUREs GCAL/GMOLE K_

20
22

IF (T - 240.) 20421,21

PRINT 22 4 :
FORMAT (1X, 25HHEAT CAPACITY IS EXCEEDED)
STOP

21 COUNTINUE




IF (1500. = T) 20423,23
23 CONTINUE

CVA= 5.10709 + 15.42195E=3%T = 9.92626E-6*T#%2 +

12.40272E-9%T*%3 - R

CVB= 7.08396 = 128565E~3%T + 3,21241E-6%Th*2 =

11.20800E-9%T#%3 « R

THERMAL CONDUCTIVITY AT LOW PRESSURE

CUNA= (VISA/WA)*({1.30%CVA + 3,40 - 0.70/TRA)
CONB= (VISB/WB)*{1s30%CVB + 3,40 — 0.70/TRB)
BROKAW METHOD

0= 0.31713 + 0.28784%(1. = XA) = 0.23806%(1, = XA)#%:%2
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T140.42739%(1. - XA)xx3
CML= XA%CONA + (1. — XA)*CONB
CMRR= XA/CONA + (1. = XA)/CONB
CMR= 1.,/CMRR
CUONO= Q%*CML + (1. = Q)*CMR
THERMAL CONDUCTIVITY AT HIGH PRESSURE
TCM= XA*TCA + (1. - XA)*TCB
ICM= XA%ZCA + (le. - XA)*ZCB
W= XA%WA + (1. — XA)%WB
VCM= XAXVCA + (l. — XA)*VCB
PCM= 82,0544%2CM*TCM/VCM
L CALL PVTX
1= 7L
V= 82.0544%7%T/P
ROR= VCM/V
GAM= TCM*%(1e/6e)%SORTIW)/(PCM%%(2¢/34))
F= GAM®ZCM*%5
. IF (0e5 = ROR) 11,10,10 .
11 IF (2.0 = ROR) 12413,13
12 IF (2.8 = ROR) 15514,.14
15 PRINT 16
16 FORMAT (1X, 27HREDUCED DENSITY IS EXCGEEDED)

STHP

10 DIF= 14,0FE-8%(EXP(0.535%ROR) ~ 1)
GO T3 17

13 DIF= 13.,1E-8%(EXP{0.67*ROR) — 1.069)
GJ) TUO 17

14 DIF= 2.976E-8%(EXP(14155%R0OR) + 2.,016)
17 CON= DIF/F + CONO
CUNL= CON _
TRETURN
END

SUBRUIJUTINE ENTH
.. COMMON TL,PyXLyCONLyZLyHAL
PARTIAIL MOLAL ENTHALPY QF coz IN c02- N2 MIXTURE
T= TL
XA= XL
PURE COMPONENT DATA

TCA= 304.2




TCB= 126,2
PCA= 72.9
PCB= 33,5
R= 1.98588
ENTHALPY OF C0O2 AT 1,0OW PRESSURE

HAD= 5.10709%T + 7.71097E=3%T%%2 = 3.30875E—6%T*
1+0.60068BE~-9*Tx*4

GENERAL EXPRESSIONS

TRA= T/TCA

TRB= T/TCB

ASA= SORTI(0.4278/(TRA*%(5,/24)%PCA))

ASB= SORT(0.4278/(TRB**(5,/2, )%PCB))
BSA= 0.,0867/(TRA%PCA)

BSB= 0.0867/{TRB*PCB)

ASM= XA%ASA + (1. = XA)*ASB

BSM= XA%BSA + (l. = XA)%*BSB

ASMS= ASM*x2

CALL PVTX

= 7L :
COMPRESSIBILITY FACTOR VIA R-K EQN. OF STATE
= 7

Fl= BSA/BSM
F2= 1./(ZM - BSM¥P) o
F3= ASMS/BSM
Fa= 2.*ASA/ASM
Fb= 1l./(ZM + BSMX%P)
F6= BSM%:P/ZIM
FT= =~ 3,5%Pxk2xASMSEBSM/T
_F8= (PHIM/T)*(245%ASMS =~ BSM = 2,%PxBSMu=*2) T
FO= 3,%ZM%%2 = 2,%ZM + P%*(ASMS — BSM = P*BSM:kx 2)

DZMT= (F7 + F8)/F9

HA= HAD - ((FlL = F2 + F3%(F4 ~ Fl)*PxBSM%*FS/ZM)*DZMT
1+ (BSM/T)%(F3%(F4—F1)#%P%kF5 ~ P%F2) + (1.,5/T)*
2{LUG(Le+F6)*F3%(F4=F1) ) ) %R*&THx2

HAL= _HA
RETURN
END
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Be UNSTEADY VAPORIZATION AT HIGH PRESSURES

THIS PROGRAM COMPUTES THE VAPORIZATION HISTORY
e OF A _COZ DOROPLET VAPORIZING IN N2 i e

INPUT DATA
TAMB IS THE AMBIENT TEMPERATURE
P IS THE TOTAL PRESSURE
e RIS THE INITIAL _DROPLET _RADIUS S
T(ly1) IS THE INITIAL DROPLET TEMPERATURE
T(I,1) IS THE INITIAL TEMPERATURE PROFILE
X(I,1) IS THE INITIAL COMPOSITION PROFILE
H IS THE SPACE INCREMENT SIZE, CM
ML=1 IS THE NUMBER OF SPACE INCREMENTS IN THE FILM
1SOBARIC FUNCTIONS DEFINED BELOW

BUTPUT DATA
DROPLET RADIUS, LIQUID TEMPERATURE, PERCENT-MASS~
VAPURIZED, AND VAPORIZATION RATE AS FUNCTIONS OF TIME,

DIMENSTION T(60492)y X(6042)y CT(6042)y CX(60,2)
COMMUN TLeP¢XLLsCONLyZLyHALyHBL
DEFINE XVAPF(T)= 9.,32293-24,97980%(T/TCA)+11.16181%
I(T/TCA)%%2+15.94869%(T/TCA)*%3=10,53194%(T/TCA)*%%4
DEFINE DELTAF(T)= -1l.,. 03026+12 59688E3%{0.95-T/TCA)
1-7.89935E4%(0,95~-T/TCA)*%2+ 7. 3635TE5%(0. 95-T/TCA)*"
2=4 03143 E6%(0e95=T/TCA)*%4+8 T5409E6%(0,95-T/TCA}*%5
DEFINE CALF(T)= (8l.75810~3. 3959852*(T/TCA)+4 45397k2%
L{T/TCAY®& 2446, 6T5TOR(T/TCA)*%3~6,05500E2%(T/TCA) *=4+
25.12341E2%{T/TCA)#%5=1,39428E2%(T/TCA)*=%6)%CCA
e DEFINE DQA'[f!T)_Mi:ﬁ439§9&E2/IQA?8;9Q194E2¥T/(TQA**ZI* .
114.00271EL+ <T#H2/(TCA%X3)=24,22000E2%Tx%3 /{TCA®*4) +
225 +61LTO5E2%THk%4/ (TCA®X%5)=8,36568E2xT#%5/ (TCA#%6))*=CCA
DEFINE CPAIF(T)= 5.10709+15,42195E~3%T~9,92626F-6xTx%x2+
12.40272E~-9%T*%3 .
DEFINE DHALF(T)= CPAIF{T)=TCA%{(1.01778BE3/TCA=2.49A14E3%T/
e A ATCA®R2) 411 0 411 52E2%T*%2/ (TCA**3)+5,14988FE 1% T*Xx3/(TCA%*4) +
215.39960E2%Tx%4/{ TCA*%5)=12,82104E2%T*%5/(TCA**6))
DEFINE CDABF(T)= L.14%CDABCR(T/TC)*%*(9./10.)
DEFINE DCDABF(T)= (1l.026/((T/TC)*%(0.1)%TC))=CDABC
THE ABOVE FCNS. DEFINE MOLE FRACTION AT THE INTERFACE,
HEAT OF VAPORIZATIONy LIQUID DENSITY, ITS DERIVATIVE,
JIDEAL SPECIFIC HEAT, LIQUID SPECIFIC HEAT, CDAB, AND

1TS DERIVATIVE :

TUTAL PRESSURE EQUAL TO 112 ATM,
DROP TEMP., RANGE 243-305 K.
TEMPERATURE RANGE 240-1500 K.
VAPORIZATION CONDITIONS




“EORMAT (B5X;4HTEMP; 17X, BHPRESSURE)

TTHET0.04

U U 181
TAMB= 1184.

P= 112,

R= 0.1

T(l,1)= 273.78

PRINT 1

PRINT 2, TAMB,P

FURMAT (2E20.6)

PRINT 5 ,

FORMAT (6Xy4HTIME 39Xy 6HRADTUS 38X 9 4HTEMP 4 8X o 4HPERC » 9,

14HFLOW,9X,7THERROR)

bT= 0,001
DX= 0.001
ML= 26

STAB= 0.5

RMIN= 0,01

"TTTCA= 304.2

'VCA—"94 0

"LINES ARE PRINTED EVERY INDEX NUMBER OF TIME INCREMENTS
INDEX= 1

KL= ML=-1

JL= ML=-2

ITN= 1

RG= 82.0567

TCB= 126.2
WA= 44,01
WB= 28.016
PCA= T72.9
PCB= 33,5

PlI= 3.1415926
CCA= 1./VCA
COABC= 3.05E=6%{1e/WA+Le/WB)*¥(1a/2 )% (PCAXPCB)*®*()1e/30e)/
LO(TCA®TCB)**(1e/124))

TC= SQRT(TCA*TCB)

TORIN= (4073 )%PI*CALF(T(1,1))%R%x%

X{ly1l)= XVAPF(T(1ls1))
INITIALL CONDITIONS ARE READ
DO 3 IN= 2,ML

3 READ 4y T(INyl)eX{INyl)

_4_ FORMAT (F10.0, F15.0)

TINF= TAMB
XINF= 0.
TINF1l= TINF+DT
TL= TINF

XL= XINF

CALL PVTX

ZINF= ZL
CALL COND
CALL ENTSB
CONINF= CONL
HBINF= HBL




TL= TINF1

CALL PVTX
CALL ENTB

HBINF1= HBL
CINF=_P/(ZINF*RG*TINF)

22 HK= STAB#H*%2/DIFF

18 AIK= ITN

CPBINF= (HBINF1-HBINF)/DT
ALFA= CONINF/(CINF*CPBINF)
DIFF= CDABF(TINF)/CINF

TIME INCREMENT IS DETERMINED
IF (ALFA-DIFF) 22,21,21

Gy TJ 23

21 HK= STAB=*H*%*2/ALFA
23 CONTINUE

J= 1
= J+1l

TIME= (AIK=1.)%HK
TLO= T(l,yJ)
ITe= 1

29 CUNTINUE

XAD= X{1,.4)
XAOQl= XAQ+DX _

TJ1l= TLO+DT
TL= TO1
XL= XA)
CALL PVTX
0Tl= ZL
TL= TLO
"CALL PVTX
U= 1L
CALL COND
CUNG= CONL
XL= XAO1
CCALL PVIX
0X1= ZL

CUTl= P/(Z0OTL1*RG*TOL)
Cl= P/UZO%RG*TLQO)
CT{ly,J)= (COTL1-CO)/DT
COXl= P/(ZOX1I*RG*TLO)
CCX(1yd)= (COX1-CO)/DX

TUXHLIE (=274%X (19 J)1+600.%X(25J) =600+ %X (3 9J) +400e %X (byJ) =

1150 %X (59J)+24e%X(69J)) /(1206%H)

162

TH1= (=274e%T(1yJ)+600e%T(29J)=600e%T(34J) +400.%T(&yJ) =~

1150e%T(59J)+24e%T(69J))/(120e%H)

V= —CDABF (T(1yJ))*XH1/(CO*(1e=X(13J)))
 WY= 44 %P [EREE2%RCORV

TQCON= 4 %P IR #%2%CONO*TH1
HEAT= DELTAF(T(14J))
CRITICAL MIXING LINE IS TESTED
IF (HEAT=0.) 10,10,9

9 CUNTINUE



FAC1= CO%X(1yJ)/(COXX(1,J)+CALF(T(14d)))

FAC2= (44/3,)%PI%R%¥3%(CALF(T(1,J))*DHALF(T(1,J))~
1FACL#DELTAF(T(19Jd) V¥DCALTF(T(L,J)))

TLT= (QCON-WY*DELTAF(T(1,J))%(1.=FACL))/FAC2 o
DR= (CDABF(T(1,J))%XH1~(R/3, )*(IQMXLLJJJ)&QQALTF(T(l,d)) o

TLETLT)/C(CORX Ly JIFCALF(T(Ls ) ) DH(LamX (1,000} .
W= WY+4, P IRR#%2XCO%X (1, J) *#DR .
TNSC= TLT*HK+T(1,J)

T(1lyM)= TNSC » |
X(1yM)= XVAPF(T(1,M))
G0 TO 11

15 SiOPE= (DISC-DISCPYI/DELX

10 TLT= QCON/((4e/3¢ VxPTI*R*%IRCALF(T(LyJ))RDHALF(T(1yd)))

TNEW= TLTH*HK+T(1,J)

DRC= (CDABF(T(19J))%XHL=(R/34)¥(Le=X(1yJ})HDCALTF(T(1,J))

1HTLT)/((CO%X( 1y JI+CALF(T(1yJd))I%(Le=X(1yJ)))

DR= DRC

RNEW= DR*HK+R e

WC= WYH4, %P THR%%2KCO%X( 1y J) *DR

W= WC

IF (ITE=1) 32,31,32

31 COP= CO
CTP= CT(1lyJ)
CXP= CX(1,yJ)

Vp= vy

WP= W

QCP= QCON

DRP= DR

TLTP= TLT

o XH1P= XH1 . . — .

TH1P= THL

XP= X(1yJ)

32 CUNTINUE
DRON= (4,4/3.)%PI*CALF{TNEW)*RNEW*%3
DROC= (4e/3¢)PIXCALF(T(1yJ))*R%%3
__DISC= DROC=DRON
DELX= 0,005
IF (2=1ITE) 15415,14
14 X{(1lyJ)= X(1sJ)+DELX
ITE= ITE+1
DISCP= DISC
GO TU 29

BCONS= DISCP~SILLOPE#XP
X{lyM)z= (WPHHK=-BCONS)/SLOPE
TEleM)= TLTIPRHK+T(1,d) '
Cu= COP

CTllyJ)= CTP

Cx(1lyd)= CXP
V= Vp

W= WP :
QCON= QCP
DR= DRP




11

TLT= TLTP
XH1= XH1P
TH1= TH1P
X(1sd)= XP
CUNTINUE

26

IF(ITN=1) 25,25,26
WINIT= W
VAPUR= 0,
SUMV= 0,

G TO 27
VAPOR= (HK/2e )X (WINITHW+2,,%SUMV)

27

SUMV= SUMV+W

CONTINUE SRS U U RN
DRUP= (44/34)%PI*CALF(T(1yJ))*R%*3
PERC= (1.~DROP/DRINI*®*100., .

ER= (PERC-(VAPOR/DRIN)*100¢)%100./PERC

ERROR= ABS(ER)

WGM= WHWA R
IF (1-INDEX) 8,7,8
CONTINUE

"PRINT 69 TIMFsRaT(1sJ) s PERCaWGMsERROR

FORMAT (1HO+6F1346)

DO 16 1= 2,KL

INDEX= O

INDEX= INDEX+1

SUM= O.

SUME= 0. o ; :

INTEGRATION THROUGH THE BOUNDARY LAYER IS INITIATED

K= I+1

L= I-1

Al= 1

Y= (Al=-le)%H
Tl= T(I,J4)+0DT
X1l= X(I1sJ)+DX

34

33

500

TL= T(IyJ)

IF (304.2-T{1l9J)) 34433,33
STOP

CONTINUE o ,

IF (X(I4J)=0s) 500,501,501
PRINT 502

502 FURMAT (1X, 25HMOLE FRACTION IS NEGATIVE)

501

STOP ;
CONTINUE
XA= X(1y4d)
XL= XA
CALL PVTX

e
CALL COND
CALL ENTA

(CALL ENTB
CON= CONL




HAL1= HAL
HBL1= HBL
XL= X1
CALL PVTX
ZX1= 7L

CALL CAOND
CALL ENTA
CALL ENTB
CX1= CONL
HAX 1= HAL
HBX1= HBL

CALL

 HAX= (HAX1-HAL1)/0DX

.DeXl= P/LZXI*RG*T(Lyd))
DCT1="P/(ZTI*RG*T1)

TL=T1

XL= XA

CALL PVTX

LTl= 7L

CALL COND

CALLL ENTB
CTi= CONL
HAT1= HAL
HBTl= HBL
CUONX= (CX1=-CON)/DX
CONT= (CT1-CON)/DT

HBX= (HBX1=HBL1)/DX
CPA= (HAT1=-HALL)/DT
CPB= (HBT1-HBL1)/DT

C= P/(Z*RG*T(14d))

CX{I4J)= (DCX1=-C)/DX
CT(1,J)= (DCT1-C) /DT
TL= T(14J)
CPM= XA*CPA+(l.=XA)%*CPB
_Fl= CDABF(TL)/C =
F2= DCDABF(TL)/C
Hl= (1o/CPM)#(XA%HAX+(L.=XA)*HBX)
H2= CUN/(C*CPM)
H3=
Hé4=
Ho=

(1./(C%CPM))*CONT
CDABF (TL) *(HAX=HBX) / (C*CPM)

XH=

TH=
XHH=
THH=

(X{KyJ)=X(LyJ))/(2s%H)
(T(KyJI=T(LyJ))/(24%H)
(X(KeJ)=2e%X(T9J)+X(Lod) )}/ (H*x%2)
(TIKyJ)=2*T(Ioad)+T(LyJ))/(HE%2)

EPS= (R¥%2/((Y+R)%%2%C) )% (H/2 4 )% (CX (L JVSXHL+CT (1, J)ETHL) +
1(1e/C)*(H/2)*¥(CX(T g J)*XHHCT (15 J)%TH)+HRSUME/((Y4+R)X%2%C)

A= R*x2%CO*(V+DR) /{(Y+R)®%2%(C)
B= DR*(1l.=EPS)

(1./(C%*CPM))*(CONX+CDABF(TL)*(CPA-CPB))

D= (R*%2/((Y4R)%%2%C) I R(H/ 24 I R(CX (1 g J)*(X(1gM)~

IXCLy ) I/HK+CT(L9 ) *(TILyM)=T(1,yJ))/HK)
E= HXSUM/ ((Y+R)#*%2%C)
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FIX= F1%XHH+(F2%TH+2¢%FL/(Y+R)=A+B+D+E)}%XH '
THETA= H2% THH+(H3*XH*H4*TH+2 *HZ/(Y+R)~A*B+D+E)*TH“HI*PI
1%XHH+ (H5%XH~F2*H 1% TH-2¢ *F1%H1/ ( Y+R) ) ¥ XH

Gl= CXUIyJ)%XHRH/ (2,%C)

T1= (THETA*(l."Gl)+FIX*T~*;X‘,;

;*;lJZJMQllAJl@mﬁlwﬁli144JW_
1¥TH®H/(2.%C) ) ,

XT= (FIX+CT(IyJ)RXH*HXTT/ (2, *C))/(l.‘Gl)
T(IyM)= HK®TT+T(14J)
X{IyM)= HKEXT+X(14J)
SUM= SUM+{Y+R)I%%2%(CX(Tod)*IX(TyM)=X(T9J)) /HK+CT (T4 )%
J{T(IgM)=T(IyJ))/HK)

16

17

SUME= SUME+(Y+R)*%2%(CX(T9J JXXH+CT (1 4d) *TH)
R= R+DR*HK

DIS= KL

DSW= DIS*H

T(ML,M)= (TAMB=(T(JL,M)=~4. *T(Kl,M))*(Dsw+R)/(2 *H) )/
11 +3.%(DSWHR)/(2.%H))

XML MY = = ( TXTIL M =4 %X (KL MY )% (DSWHR) /7 (2 %H) ) /7
101.+3,%(DSWHR) /(2.%H))

INTEGRATION THROUGH THE BOUNDARY LAYER IS TERMINATED
IF DROPLET RADIUS IS LESS THAN RMIN THE PROCESS STOPS
IF (R=RMIN) 19,19,17
IIN= ITN+1

24

DI 24 IND= 1l,ML
TEMP= T(INDyM)

TUIND,J)= TEMP

FRAC= X(INDyM)

X{INDyJd)= FRAC

CONTINUE

19

GU 1) 18
STOP
END

SUBROUTINE PVTX

CUMMUN TLyPyXLyCONLyZLyHAL,HBL
REDLICH-KWONG EQUATION OF STATE

= T
XA= XL
TCA= 304.,2
TCB= 1262
PCA= 72.9

_ PCB= 33,5
TRA= T/TCA
TRB= T/TCB

ASA= SORT(0.4278/(TRA®%(5./2.)%PCA))
ASB= SORT(0.4278/(TRB*%*(5,/24)%PCB))

BSA= 0,0867/(TRA%*PCA)
BSB= 0,0867/(TRB*PCB)
ASM= XAXASA + (1ls = XA)*ASB

 BSM= XA%RBSA + (1, - XA)*BSB
 ASMS= ASMEx2 | |




NEWTUN RAPHSON METHOD

C3= 1.0

C2= _100

Cl= P*(ASMS - BSM - PxBSM**2)
CO0=_= ASMS*BSM*pkik2

44 ITN= ITN + 1

70= 1.0
IM= 70
ITN= O
42 B= C3
C= B
= C2 + IM%kB
C= B + 7M*C
= Cl + ZM%B
= B 4+ ZMxC
= CO + ZMxB
INEW= IM = B/C
IF (ABS((ZM = ZNEW)/ZINEW) = 0.01) 43,444,444

IF (ITN = 20) 45,46446
45 IM= INEW
GO TO 42
46 PRINT 3
3 FORMAT (1X, 34HFAILS TO CONVERGE IN 20 'ITERATIONS)
" PRINT 64, IM
64 FORMAT (E10.3)
STOP
43 7IM= ZNEW
1= IM
VL= 7 .
RETURN
END

SUBRJUTINE COND
_ COMMUN TL9PyXLyCONLyZLgHALHBL e
THERMALL CONDUCTIVITY OF THE MIXTURE
T= TL
XA= XL
TCA= 304.2
TCB= 126.2
WA= 44,01
WB= 28,016
SIGA= 3,941
SIGB= 3.798
TBA= 195.2
TBB= Tl.4
__R=_1.98588
ICA= 0.274
LCB= 0,291
VCA= 94,0
VCB= 90.1

TRA= T/TCA




“;

TRB= T/TCB o
VISCOSITIES AT LOW PRESSURE, POISES
TSA= T/18A

TSB= T/TBB

OMAR= 04697%(1s + O, 3*3*4

20

.

GMBR= 0.697%(1s + 0.323%L0G(TSB))
VISA= 2.669E-5%OMAR*SQRT (WA%T)/(SIGA%%2)
VISB= 2.669E-5%0OMBR*SORT (WB*T)/(SIGB*%2)
SPECIFIC HEATS AT LOW PRESSURE, CAL/GMOLE K.
IF (T = 240.) 20421,21

PRINT 22

22
21

23

FORMAT (1Xy 25HHEAT CAPACITY IS EXCEEDED)
STOP
CONTINUE
IF (1500, = T) 20923,23

CONTINUE

CVA= 5,10709+15.,42195E~3%T=9,92626E-6*T4*2+

T 12.4027T2E~9%T*%3=R

CVB= 7.,08396-1.28565E~3%T+3,21241E=6#T#*%2~
11.20800E=9%T#%3=R

THERMAL CONDUCTIVITY AT LOW PRESSURE

CONA= (VISA/WA)%(1.30%CVA + 3.40 = 0.70/TRA)
CONB= (VISB/WB)*(1.30%CVB + 3,40 = 0,70/TRB)

__CMR=_1./CMRR

BROKAW METHQD

Q= 0431713 + 0.28784%(1le =~ XA) - 0.23806%(1s = XA)%%2 +
10.42739%(1s = XA)#%3

CML= XA*CONA + (1. - XA)*CONB

CMRR= XA/CONA + (l. = XA)/CONB

CONO= Q*CML + (1. = Q)%CMR

THERMAL CONDUCTIVITY AT HIGH PRESSURE
TCM= XAXTCA + (1. = XA)%TCB

ZCM= XA*ZCA + (1. = XA)*ZCB

W= XAXWA + (1. = XA)%WB

VCM= XA%VCA + (l. = XA)%VCB

PCM= 82.,0544%ZCM*TCM/VCM

= 7L .
V= 82.0544%7%T/P
ROR= VCM/V

GAM= TCM%%(1e/64 ) *SORT(W)/(PCME%(24/34))
F= GAMXZCM%%5

11
12

15

16

IF (0¢5 = ROR) 11410510

IF (240 = ROR) 12y13413

IF (2.8 = ROR) 15514414

PRINT 16 . S

FORMAT (11X, 27THREDUCED DENSITY IS EXCEEDED)
STOP

10

13

DIF= 14.0E~8%(EXP(0.535%R0OR) ~ 1)
GU TO 17
UIP* 13. lE*S*(EXP(O 67*RDR) = 1.069)

60 TO 17

;14

DIF« 2. 9765~8«(EXP(1 155¢RDR) + 2.016)




17 CON= DIF/F + CONO

CUNL= CON
RE TURN
END

, ' 1§9;”  '*“ o

SUBROUTINE ENTA

COMMON TLsPeXLsCONLyZL osHALYyHBL

PARTIAL MOLAL ENTHALPY OF CD02 IN CO0D2~N2 MIXTURE
T= TL

T TENTHALPY NF CO2 AT LOW PRESSURE

ASA= SORT(0,42787(TRA*%(5,/72. V*PCA))

“F3= ASMS/BSM

XA= XL
TUTPURE CIMPONENT DATA
TCA= 304,2
TCB= 126.2
PCA= 7209
PCB= 33.5
R= 1.,98588

HAD= 5,10709%T + 7.71097E=3%T*%2 ~ 3,30875E~6%T#*3

1+0.60068BE-9%T**4

GENERAL EXPRESSIONS
TRA= T/TCA
TRB= T/TCB

ASB= SORT(0.4278/(TRB*%(5,/24)%PCB))
BSA= 0.0867/(TRA%PCA)

BSB= 0.0867/(TRB#*PCB)

ASM= XA%ASA + (1. — XA)%ASB

BSM= XA%BSA + (l. = XA)*BSB

ASMS= ASMak

1= 7L N

COMPRESSIBILITY FACTOR VIA R~K EON. OF STATE
IM= [

Fl= BSA/BSM

F2= le/(ZM = BSMXP)

F4= 2.%ASA/ASM

FS5= 1./(ZM + BSM%P)

Fo= BSM%P/ZM

FT7= = 3.5%P%%2%ASMS*BSM/T

F8= (P*ZM/T)%(2.5%ASMS = BSM = 2, %PxBSM%%2)
TEQ= B RIM¥R2 = 2.%IM + PX(ASMS = BSM = P#BSM%%2)
DZMT= (F7 + F8)/F9

HA= HAD = ((Fl = F2 + F3%(F4 = FL)*P%*BSM%F5/ZM)%DZIMT

1+ (BSM/T)%(F3%(F4 = FL)I%P%F5 = P%F2) + (1.5/T)%(LOG(1l.
2+ FO)XF3%(F4 ~ F1)))*R%T#%2

HAL= HA

- RETURN

END
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SUBRUJUTINE ENTR
COMMON TL4PyXL,CONL,yZLyHALsHBL

PARTIAL MOLAL ENTHALPY OF N2 IN CO2-N2 MIXTURE
T= TL

XAz XL

PURE COMPONENT DATA

TCA= 304.2

TCB= 126.2

PCA= T72.9

PCB= 33.5 . - — S
R= 1.98588

ENTHALPY OF N2 AT LOW PRESSURE

HBO= 7.08396%T-0,64282E~3%T#*%2+1,0708E~6%T#%3~
10.3020F=9%Tx%4 ,

GENERAL EXPRESSIONS

TRA= T/TCA

TRB= T/TCB

ASA= SQRT(0.4278/( TRA%%(5./2.)%PCA))
ASB= SORT(0.4278/ (TRB*%(5.,/2.)%PCB))
BSA= 0.0867/(TRA%PCA)

BSB= 0.0867/(TRB%*PCB)

ASM= XA%ASA + (1. = XA)*ASB

TF2= 1./7(ZM = BSM*P)

BSM= XA*BSA + (1, - XA)*BSB

ASMS= ASM%%2

1= 7\

COMPRESSIBILITY FACTOR VIA R-K EON. OF STATE
M= 2

Fl= BSB/BSM

F3= ASMS/BSM

F4= 2.%ASB/ASM

FS5= 14/(ZM + BSM#P)

Fo= BSM#P/ZM

F7= = 3,5%P%%k2%ASMS*BSM/ T

F8= (P#IM/T)%(2.5%ASMS = BSM = 2.#PRBSM##2)

F9= 3.%IM%%2 = 2.%IM + P%(ASMS - BSM = P%BSMak2)

DIZMT= (F7 + F8)/F9

HB= HBD =- ((Fl = F2 + F3%(F4 = F1)#PH*BSM#ES/ZM) %D ZNT
1+ (BSM/T)I®(F3%(F4 = Fl)%P%F5 = P%F2) + (1.5/T)*(L0G(1.
2+ F6)%F3%(F4 = F1)))*R¥T#%2

HBL= HB
RE TURN
END

TYPICAL INITIAL PROFILES DATA

421.385 0.223212




514,089
570,815

..

0.166914
0.133860

L ¥ ]




Co SEMI-EMPIRICAL VAPORIZATION MODEL (REF, 10)

. THIS PROGRAM COMPUTES THE VAPORIZATION HISTORY

OF A CO2 DROPLET VAPDRIZING IN N2

INPUT DATA , ,
R IS THE INITIAL DROPLET RADIUS

e L LS THE _INITIAL DROPLET TEMPERATURE e

TAMB IS THE AMBIENT TEMPERATURE
P IS THE TOTAL PRESSURE
DELTA IS THE TIME INCREMFNT IN NUMERICAL TECHNIOQUE

OUTPUT DATA.

DROPLET TEMPERATURE, RADIUS, VAPORIZATION RATE,
AND PERCENT-MASS=VAPORIZED AS FUNCTIONS OF TIME

CUMMUN TL P 4PVL,CONL

1TD*%242 402 T2E-9% TD*%3

DEFINE VAPF(TD)= 8.2208%(TD/100.-1.281)%%(3,852)

DEFINE CALF({TD)= (0.468+123.265E=3%(TCA=TD)*%(0.391377)

1-61615TE=6%(TCA=TD)+7, 03054 6E~6%(TCA=TD) #%2) /WA

DEFINE DCALF(TD)= (=0.39L377%123,265E-3/((TCA-TD)
 1%%0,608623)+6164157E=6=14.061092E~6%(TCA-TD)) /WA

DEFINE DELF(TD)= TD*(7.90%TD/TCA=7.82~7.11%L0G(VAPF(TD)

1/PCA)/2.30259)/(1.07-TD/TCA)

DEFINE CPLF(TD)= (2.35579=2.56148E-2%(TD=-273.15)+

112.28015E=5%(TD=273+15)%%2+17.35195F=5%(TD=-273,15)

2%%3+37,68386E~7Tx%(TD=273.15)%%4)*xWA/FAC

THE ABOVE FCNS. DEFINE IDEAL SPECIFIC HEAT, VAPOR
PRESSURE, LIQUID DENSITY, ITS DERIVATIVE, LATENT
HEAT, LIQUID SPECIFIC HEAT, AND DIFFUSIVITY
LOW PRESSURE PROPERTIES
PRINT 3

3 FORMAT (1H1,8X,24HQUASI STEADY STATE MODEL)

PRINT &

4 FORMAT (8X94HTIME,; 11Xy4HTEMP,12X,6HRADIUS 29X y4HFLOW,
111X 9 4HPERC)
FAC= 4.18605
CCA= 1./94.

o TCA= 3042 N i
TCB= 126.2
PCA= 72.9

PCB= 33.5

_ DEFINE CPAF(TD)= 5,10709+15.42195E=3%TD=9,92626E=6% _ . .

___ DEFINE DABF(TD)= 2,745E=4*(TD/TC)**(1,823)*CT/P




WA= 44,01

WB= 28,016 ‘

TC= SQRT(TCA*TCB) '

CT= (PCA%PCB)*%{1./3. )*(TCA*TCB)**(’S./lZ )*(1-/NA+1./WB)
1%%(1e/24)
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DELTA= 26.7459E~2
VAPORIZATION CONDITIONS
T= 243.36

R= 0.1

TAMB= 373,769

P= 112.0

11
12

TIME= O,
Pl= 3.1416
WGTIN= 4.188%CALF(T)*R%%3
WGT= WGTIN
RG= 82,0567
_PV=_ VAPF(T)
HEAT= DELF(T)
IF (HEAT=0.) 11,11,12
STOP
CONTINUE
DEN= CALF(T)
DENT= DCALF(T)

 CALL COND

SPH= CPLF(T)
TAV= (T+TAMB) /2.
DAB= DABF(TAV)
CPA= CPAF(TAV)
TL= TAV

PVL= PV

CON= CONL

W= &4.%P I%R*DAB*PXLOG(P/(P=PV))/(RG*TAV)

WM= WExWA

PERC= (1.=WGT/WGTIN)*100.

PRINT 5, TIME,T,R,WMyPERC

FORMAT (1HO, 5E1546)

Z= WHCPA/ (4,%P [%R%CON)

TLT= 4.%PI%R*CON%(TAMB=T)*Z/ (WGT#SPH*(EXP(Z)=14))~
LW*HEAT/ (WGT*SPH) ,

DR= (=4, 188%DENTHR*%3%TLT=W)/ (4 %P [*R*%*2*DEN)

HEUN METHUD

Rl= R+(1./3.)%DEL TA%DR
Tl= T+(1./34)%*DELTA%TLT
WGT1= WGT~(14/3.)*DELTA%W
PV1= VAPF(T1)

HEATl= DELF(T1)

DENl= CALF(T1)

DENTL= DCALF(TL)
SPH1= CPLF(T1)
TAV1= (TAMB+T1)/2.
DABLl= DABF(TAVL1)
CPAl= CPAF(TAVL)




TL= TAVL

CPVL= PV1
CALL COND
CONl= CONL

Wl= 4.'PI*R1*DABl*P*LDG(P/(P ~PV1))/(RG*TAV]1)
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1= Wl*CPAl/(4.%P14R1*CON1)

TLTY= 4,%PI#R1*#CON1*(TAMB- Tl)*Zl/(WGTl*SPHl*(CXP(Zl)’ .))*

IW1I*HEATL/(WGTL®*SPHL)

DR1=. (~4,188%DENTL#*R1*%3%TLT1=W1)/ (4 *PI*R1*%2%DENL)
R2= R+(2./3+)*DELTA%DR1

T2= T+(2./3. )*DELTA*TLT1

WGT2= WGT=(2./34 ) *DELTA%NW1
PV2= VAPF(T2)

HEATZ2= DELF(T2)

DEN2= CALF(T2)

DENT2= DCALF(T2)

SPH2= CPLF(T2)
TAV2= (TAMB+T2)/2.
DAB2= DABF(TAV2)
CPA2= CPAF(TAV2)
TL= TAV2
PVL= PV2
_CALL COND_
CONZ= CONL
W2= 4,%P1%R2%DAB2%P*LOG(P/(P=PV2))/(RG*TAV2)

22= W2%CPA2/(4.%PI%*R2%CON2)

TLT2= 44%PI%*R2¥CON2%( TAMB=T2) %22/ (WGT2%SPH2% (EXP(Z2)~14)) =
1W2%HEAT2/ (WGT2%SPH2 )

_DR2= (~4,188%DENT2%R2%¥%3%TLT2~W2)/ (4 ¢ %¥PI%R2*%2%XDEN2) _

" TIMFE= TIME+DELTA

R= R+DELTA*((1e/44 )%*DR+(3e/44)%DR2)
T= T+DELTAX((1le/4e)*TLT+(34/44)%*TLT2)
WGT= WGT=DELTA®((le/4e)*W+(34/40)%W2)
IF (TCA=T) 949,10

GO TO 7

CONTINUE

IF THE RADIUS IS LESS THAN 100 MICRONS THE PROCESS STOPS
IF (R~0.01) 7,7,6

GU TO 8

STOP

END

SUBRUJUTINE COND

CUMMUN: TL4PePVLyCONL

AVERAGE THERMAL CONDUCTIVITY
TCA= 304,2

TCB= 126.2
WA= 44,01
WB= 28,016
SIGA= 3.941
SIGB= 3.798




_JRB= TL/TCB

TBA= 195,2
TBB= 7l.4

A= PVIL/(2.%P)
TRA= TL/TCA

TSA= TL/TBA

TSB= TL/TBB _

OMAR= 0.697%(1.+0.323%_0G(TSA))

OMBR= 0.697%(1.+04323%_.0G(TSB))

VISA= 2.669E=5%0MAR*SQRT (WAXTL)/(SIGA%2)
VISB= 2.669E=5%0OMBR*SORT (WB*TL)/(SIGB*%2)

TCVA= 5.10709+15.42195E=3%TL~9.9 626E~6*TL**¥2+42,402722~-9

LRTL*%3~1,98588 _

CVB= 7.08396-1.,28565E-3%TL+3.21241E-6%TL*%2-1,20800E-9
1xTL#%3-1,98588

CONA= (VISA/WA)*(1e30%CVA+3.40-0.70/TRA)
CONB= (VISB/WB)*{1.30%CVB+3.40-0.70/TRB)
CONL= A%CONA+{L.=A)*CONB

RE TURN

END
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